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Abstract
Transuranic actinides dominate the long-term radiotoxity in spent LWR fuel. In an open fuel
cycle, they impose a long-term burden on geologic repositories. Transmuting these materials
in reactor systems is one way to ease the long-term burden on the repository. Examining the
maximum possible burning of trans-uranic elements in Combined Non-Fertile and U0 2(CONFU) PWR assemblies is evaluated. These assemblies are composed of a mix of
standard U0 2 fuel pins and pins made of recycled trans-uranics (TRU) in an inert matrix, and
are designed to fit in current or future PWRs. Applying appropriate limits on the neutronic
and thermal safety parameters, a CONFU-Burndown (CONFU-B) assembly design is shown
to attain net TRU destruction in each fuel batch through at least 9 recycles. This represents a
time span of nearly 100 years of in-core residence and out-of-core storage time. In this way,
when the TRU is multi-recycled, only fission products and separation/reprocessing losses are
sent to the repository, and the initial inventory of TRU is reduced over time. Thus, LWRs are
able to eventually operate in a fuel cycle system with an inventory of transuranic actinides
much lower than that accumulated to date.
Three recycling strategies are considered, all using a 4.5-year in core irradiation, followed by
cooling and reprocessing. The three strategies involve a short-term cooling (6-year) after
discharge, a longer-term cooling (16.5-year) after discharge, or a strategy called Remix. The
Remix strategy involves partitioning the Pu/Np after 6-year cooling for immediate recycle,
and partitioning the Am/Cm for an additional 10.5-year cooling before remixing it into the
next CONFU-B batch. At equilibrium, the CONFU-B can burn approximately 1.5 kg to 10.0
kg of TRU per TWhe depending on the recycle strategy used. This represents a net burning
rate of 2-8% of the TRU loaded per assembly, in addition to burning an amount equivalent to
the TRU produced in the U0 2 pins.
However, the highly heterogeneous nature of these assemblies can result in fairly high intra-
assembly pin power peaking. By design, an IMF pin in the assembly carries the highest
power to maximize the TRU destruction. For the initial TRU loading, the highest power
peaking in an IMF pin is 1.183. This is compensated by having cooler pins in the immediate
vicinity. Even so, the pin peaking distribution in the assembly can result in reduced thermal
margins. The assembly mentioned above has an MDNBR of 1.43, instead of 1.62 for the all-
U0 2 assembly, based on a core-wide radial peak-to-average assembly power peaking of 1.50.
Use of neutron poisons and tailored enrichment schemes reduces the neutronic reactivity of
fresh assemblies, while improving MDNBR to 1.51. In addition, RELAP was used to evaluate
the fuel behavior under large break LOCA conditions. CONFU-B performance under these
conditions was comparable to the standard all-UO2 assembly.
Several options for spent fuel recycling in LWRs are compared economically, and all are
found to be more costly than making fresh U0 2 fuel from mined ore. However, the CONFU-
B strategy is less costly on a mills/kWhe basis than other thermal recycling strategies that
recycle the full TRU vector. Given OECD estimates for the unit costs of each fuel type, and
assuming 10% carrying charge factor, this cost is 12.3 mills/kWhe for the CONFU-B recycle,
compared to 25.7 mills/kWhe for MOX-UE and 4.9 mills/kWhe for all UO 2.Note that these
FCCs assume the disposal fee collected during power generation of a previous cycle can be
invested while the fuel is cooling and provide a credit to the cycle that uses the fuel after
reprocessing.
The fuel handling challenges of multirecycling TRU in CONFU-B assemblies are compared
to other multi-recycling strategies. If we assume that the spent fuel from, the seventh recycle
in each strategy is no longer recyclable and must be sent to the repository in its entirety. the
CONFU-B strategy still places much less total burden on the repository than the once-through
cycle, and even less burden than the current MOX cycle.
Finally, a methodology for calculating the time integrated proliferation risk of a fuel cycle is
introduced. An innovation of this methodology is the discounting of future risks to calculate
an overall present value risk of a given cycle. Under this methodology, the CONFU-B
presents lower risks than other multi-recycling strategies in the first 100 years. For a 1(0%
rate of discount of risk, the CONFU-B risks are comparable to the once-through cycle. The
longer term risk favors recycling due to the limited accumnulation of repository risk.
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Chapter 1 - Introduction
1.1 Thesis Goal
The goal of this thesis is to design an assembly for use in current pressurized water
reactors (PWR) that will consume more transuranic (TRU) isotopes than it generates. The
assembly design will advance previous designs of the Combined Non-Fertile and UO2
equilibrium (CONFU-E) assembly developed at MIT. Figure 1.1.1 shows the CONFU-E
assembly design. It is based on the geometry of a standard 17x17 Westinghouse assembly
and the current PWR operating envelope. In previous studies, the CONFU-E was able to
achieve a net zero TRU balance with multi-recycling at equilibrium. In other words, the mass
of TRU loaded in the fresh assembly was equal to the mass of TRU at its discharge
[Shwageraus, et.al., 2005]. The design developed in this thesis, referred to as the CONFU-B
design, will attain a net TRU destruction with each cycle, and therefore allow for a burn-down
of the TRU currently accumulated in spent light water reactor (LWR) fuel.
• UO2 Fuel pin (216)
O Guide tube
* TRU IMF Pin (48)
Figure 1.1.1 - CONFU-E Assembly
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1.2 Background
Nuclear power makes a significant contribution to the United States' and to the world's
electricity production. In 2002, 20% of the electricity consumed in the US, and 17% of the
electricity consumed worldwide was supplied by nuclear power. Estimates of future demand
predict that world energy requirements could increase by as much as 75% by 2020 [Deutch,
et. al., 2003]. Along with this scenario of growing energy demand, there are growing
concerns about carbon emissions from fossil fuels and their impact on global warming, as
well as the substantial increase in prices of some of these fuels in recent years. As a result,
there are expectations that the demand for the nearly carbon free electricity from nuclear
power and renewable sources will increase substantially in the future.
However, a significant increase in worldwide nuclear power production presents a
number of challenges. Nuclear power needs to be able to compete economically with other
energy production options, as well as to continue to maintain its excellent safety record. Any
advanced reactor will probably be judged first by these criteria.
Additionally, there is a concern that civilian nuclear power programs could be used by
state actors to help develop covert nuclear weapons programs. Preventing the proliferation of
material and technologies that could be used to develop weapons is an important
consideration for the expansion of nuclear power in any undeclared nuclear weapons state. It
is also important that all phases of the nuclear enterprise, in particular, fuel fabrication and
enrichment, reactor operation, reprocessing and ultimate waste disposal, be designed to
minimize the risk of theft of materials or sabotage by non-state actors.
Finally, the question of waste management must be addressed. To date, no nation has
established a system to fully dispose of spent nuclear fuel (SNF) or its high level waste
products. Many countries, including France, England, Russia, and Japan, are utilizing a
closed fuel cycle. In this cycle, they reprocess their spent nuclear fuel in order to separate the
plutonium for use in MOX reactor fuel. The United States, on the other hand, currently uses
the once-through cycle, where the plan is to directly dispose of spent nuclear fuel in a
geological repository.
The once through cycle, as employed by the US, has one key constraint. The proposed
geological repository at Yucca Mountain in Nevada has a legislated limit of 70,000 MT of
high-level waste (HLW) waste. Of this amount, 63,000 MT are intended for civilian HLW,
while 7,000 MT are intended for defense HLW. To date, the Yucca Mountain project has yet
to file an application for a license. Therefore, no waste has actually been shipped to Yucca
Mountain, and spent fuel from commercial reactor operations is currently stored in spent fuel
pools at reactor sites, or in dry storage casks. This inventory of discharged SNF was
estimated to be 47,000 MT in 2002. Current reactor operations in the US generate an
additional 2,000 MT per year. At that rate, the legislated capacity of Yucca Mountain will be
exceeded in the year 2010 [Hoffman and Stacey, 2003]. In the current political environment,
DOE plans to open Yucca Mountain in the year 2015. So, when the repository is scheduled to
open, there will already be more spent fuel accumulated than can be legally stored. And
again, since the US is currently producing SNF at a rate of over 2,000 MT per year, one can
conclude that an additional repository on the scale of Yucca Mountain will be required every
34 years if SNF production continues at its current rate.
As a result, there are a number of efforts sponsored by the Department of Energy (DOE)
to examine technologies that reduce the burden of spent nuclear fuel on the repository.
Almost all rely on some form of reprocessing. In particular, a large portion of spent nuclear
fuel (-90%) is made up of uranium. This uranium can be stored as low-level waste (LLW) if
it is separated from the SNF, or even recycled into reactors if needed. The remainder of the
spent fuel consists primarily of fission products, which are generally short-lived, and
actinides, or trans-uranic isotopes (TRU), which are generally long-lived. Figure 1.2.1 shows
some of the key isotopes in spent nuclear fuel and their contribution to radioactivity.
Similarly, the heat load and radiotoxicity are dominated in the short-term by fission products
and in the long-term by TRU.
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Figure 1.2.1 - Radioactivity of selected isotopes in SNF [Deutch, 2003]
As can be seen from Figure 1.2.1, the long-lived TRU present in SNF dominate the
characteristics of the waste after a few hundred years. This is a particular challenge for the
Yucca Mountain repository, because the current licensing problems revolve around having to
certify the stability of the repository in the 100,000-year plus timeframe. Table 1.2.1 shows
the relative contributions of fission products and actinides to the total radioactivity and decay
heat load of SNF. Therefore, if the TRU in spent fuel could be transmuted, then the required
timescale of the repository would be reduced to a period on the order of 1,000 years.
Table 1.2.1 - Relative Contributions by Fission Products and Actinides [National
Research Council, 1996]
Time after
discharge 10 years 100 years 1,000 years
Radioactivity Fission Products 78.4 % 83.1 % 1.6%
Actinides 21.6 % 16.9% 98.4 %
Decay Heat Fission Products 83 % 34 % 0.001%
Actinides 17 % 66 % 99.999 %
Several proposals for transmuting TRU have been studied. The primary ones are
accelerator driven sub-critical systems, fast-spectrum reactors, and thermal-spectrum reactors.
Each system has several important advantages and disadvantages for the mission of
transmuting TRU.
Accelerator Driven Systems
The most direct way of disposing of TRU is to irradiate them with neutrons in a reactor.
To do this in the most expeditious manner would require the avoidance of fertile species in
the host fuel, such as U-238, that would generate additional actinides during the reactor cycle.
However, early studies at loading a reactor core with only TRU (which have small delayed
fission fractions) lead to designs that did not have acceptable safety margins. To overcome
this, accelerator driven systems (ADS) were investigated [National Research Council, 1996].
An ADS uses a sub-critical core of TRU with an accelerator that supplies spallation
neutrons to drive the reactor. The accelerator typically produces protons in the 1 GeV range,
which impact on some high Z material target, such as lead. These spallation reactions
typically release on the order of 20 neutrons per proton at 1 GeV of energy. The reactor core
is exclusively loaded with TRU, which can be in the form of metal, oxide, or nitride fuel.
The reason one would choose to build a subcritical system is largely due to the relatively
low values of delayed neutron fraction (0) of minor actinides. Because of this low P, there is
less margin to criticality from prompt neutrons alone, and therefore a higher risk of transients
with an uncontrolled power excursion. So, an all TRU core designed to be sub-critical would
be, from a neutronics point of view, easier to control because the power level is directly
linked to the intensity of the accelerator. An additional advantage is that since the accelerator
sustains the reaction, the TRU in the core can be driven well below the reactivity that would
be required to support a self-sustaining chain reaction [OECD/NEA, 2002a].
The main disadvantage of ADS systems is their cost. Studies have indicated that adding
an accelerator to a reactor could increase the capital cost of the system by up to 40% [Hill,
2002]. Even with the additional cost, there would be significant technology development
required to improve the reliability of the accelerators that drive these systems. Additionally,
some of the power generated by the reactor must be used to support the accelerator, which
reduces the efficiency of the power plant. In fact, the larger is the degree of subcriticality of
the fission target, the higher is the energy needed at the accelerator to maintain steady power
production. Finally, these systems tend to have large power peaking near the accelerator
beam window, since that is where the largest neutron flux is located.
Fast Reactors
These reactors rely primarily on a fast neutron spectrum to sustain criticality. As such,
they avoid the use of materials for coolant or structural components that act as moderators.
An advantage that fast reactors have in transmuting TRU is the high relative cross sections for
fission versus the radiative capture cross section at the energies of interest. Table 1.2.II lists
the capture-to-fission ratio of some isotopes in thermal and fast spectra for certain reactor
cores. For the TRU depletion mission, a smaller capture-to fission ration results in more
fissions per neutron absorbed and fewer accumulated higher actinides.
Table 1.2.11 - One-Group Capture-to Fission Ratios, for Fast (FR) and Thermal (TR)
Reactors [National Research Council, 1996]
Isotope U-PWR (TR) Pu-PWR (TR) LMFBR (FR) ALMR (FR)
Pu-238 14.06 7.51 0.60 0.44
Pu-239 0.55 0.56 0.26 0.17
Pu-240 178.1 70.55 1.25 0.82
Pu-241 0.33 0.31 0.18 0.15
Am-241 94.2 63.96 4.95 3.56
Am-242m 0.21 0.20 0.10 0.07
Am-243 106 78 3.84 2.29
Cm-242 10.38 11.4 1.59 0.85
Cm-243 0.12 0.13 0.09 0.07
For example, for neutron energies of around 5 keV and below, the radiative capture (n,y)
cross section for Pu-239 is about the same as the fission cross section (n,f). As the incident
neutron energy increases, the fission cross-section remains roughly constant while the capture
cross-section declines rapidly. Figure 1.2.2 shows the cross sections for the (n,f) and (n,y)
reactions for Pu-239. Although fissile isotopes, such as Pu-239, fission well in a thermal
spectrum, fast reactors have a slight advantage due to the fact that they have smaller capture-
to-fission ratios than do thermal systems.
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Figure 1.2.2 - Fission and capture cross sections for Pu-239, JEF2.2 data [Nuclear
Data Evaluation Lab, 2000]
This phenomenon is particularly strong in fertile minor actinides, such as Am-241. The
(n, f) and (n, y) cross sections for Am-241 are shown in Figure 1.2.3. As can be seen from the
figure, Am-241 is difficult to fission in a thermal spectrum since it is much more likely to
undergo radiative capture when it absorbs a neutron. However, for neutron energies of about
1 MeV and above, the fission cross section is larger than the capture cross section. In addition
to this effect, most even-neutron isotopes are not fissioned by neutrons less than several
hundred kilovolts.
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Figure 1.2.3 - Fission and capture cross sections for Am-241, JEF2.2 data
[Nuclear Data Evaluation Lab, 2000]
As stated earlier, reactors that are loaded exclusively with TRU are more difficult to
design with adequate safety margins. Specific design challenges include a positive void
coefficient in sodium cooled cores as well as controllability issues due to low P. One reactor
designed to overcome these challenges is the MABR [Romano, et.al., 2004]. The MABR is a
fast reactor design that uses a lead-cooled fertile-free core. Streaming tubes (voided regions
in the assemblies) were introduced into the core to maximize the leakage of prompt neutrons
compared to delayed neutrons, thus increasing the effective value of 0. Additionally, calcium
compounds were introduced in the fuel assembly that increase the absorption of high energy
prompt neutrons compared to less energetic delayed ones. Another feature of this reactor is
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the addition of technetium in the fuel to gain a large negative Doppler coefficient [Romano,
et. al., 2003].
The main disadvantage of fast reactors for TRU management is the long development
time that is expected to be required before these systems can be deployed. The impact of this
is explored more fully in the section comparing fast reactors to thermal reactors.
Thermal Reactors
These reactors rely primarily on thermal neutrons to sustain criticality as is done in all
power reactors operating today. The main advantage these reactors have in TRU
transmutation is that they are currently deployed and have a large operational experience base.
In fact, thermal PWR reactors in France currently use recycled plutonium in mixed-oxide
(MOX) fuel. For MOX fuel, plutonium is first separated from spent light water fuel using the
PUREX process. This plutonium is then mixed with depleted uranium to make MOX. The
MOX fuel is then made into all-MOX assemblies, which make up approximately 30% of a
reactor core. The remaining assemblies in the core are standard UO 2 assemblies. Thus, the
delayed neutron fraction of U-235 still dominates the effective reactor delayed neutron
fraction. In these reactors, plutonium from SNF is recycled once. This strategy incinerates a
net amount of approximately 25% of the Pu loaded.
However, the total amount of Pu in the monorecycle MOX strategy inventory continues
to accumulate, along with the americium and curium left over from PUREX reprocessing of
spent UO2 fuel. Additionally, the presence of separated Pu in the system presents a
proliferation concern. This proliferation concern is cited as a primary reason for the US
decision to pursue a once-through cycle.
To maximize the destruction of TRU, there are a number of design options, each with its
own advantages and challenges. The first consideration is whether to recycle only once, or to
multi-recycle. Multi-recycling is a strategy that separates the TRU (or Pu) from SNF,
recycles it through another core irradiation, and reprocesses the TRU (or Pu) again, and so on.
In this manner only fission products, process losses, and possibly some TRU are sent to the
repository.
There are, however, several challenges with this approach. First, the TRU (or Pu) vector
that is multirecycled will lose fissile content with each recycle, eventually making it difficult
to sustain a full cycle length. Additionally, multi-recycling the full TRU vector can lead to
increasing concentrations of Am and Cm in the spent fuel, which complicates fuel handling.
Again, current MOX practice in France recycles only once to avoid the higher fractional
presence of non-fertile isotopes of Pu. A multirecycling concept known as MOX-UE uses
enriched uranium to maintain the desired cycle length as the Pu vector degrades with multi-
recycling [Youinou, et.al., 2003]. This concept allows for stabilization of the Pu inventory,
but still results in accumulation of Am and Cm with each recycle.
A second consideration is the choice of reprocessing only Pu, or the entire spent fuel
TRU vector. Burning the entire TRU vector obviously maximizes the TRU destruction, but it
also leads to the accumulation of the non-fissile isotopes of the higher actinides, such as
americium and curium, particularly with multi-recycling. These isotopes have large decay
heats and spontaneous neutron generation, which complicate fuel handling. CEA has
proposed the CORAIL assembly design, which uses MOX pins and UO2 pins in the same
assembly [Youinou, et. al., 2001]. A CORAIL study by Argonne National Lab (ANL) looked
at combinations of Pu, Am, and Cm for the MOX fuel for their assembly design [Taiwo, et.
al., 2004].
A third consideration is the choice of either a MOX or inert matrix material to host the
TRU. The U-238 present in MOX provides a large negative Doppler coefficient, but this
same material also breeds additional TRU. Additionally, there is extensive industry
experience with MOX fuel and its performance under irradiation. Alternately, an inert matrix
fuel (IMF) can provide the desired radiation stability and heat transfer properties, and allows
the TRU to be transmuted without breeding additional TRU. A number of different materials
have been investigated to serve as inert matrix hosts [Long, et. al., 2003].
There are several properties an inert matrix candidate should possess [Yuan, et.al., 2001]:
* Low neutron-capture cross section
* High melting temperature
* Good thermal conductivity and heat capacity
* Low thermal expansion
* Good chemical stability with cladding and coolant
* Good mechanical properties
* Stable under irradiation (neutrons, x-particles, fission fragments)
* Reprocessable (for multirecycling strategies)
For this work, the CONFU-B design will use heterogeneous fuel assemblies consisting of
inert matrix fuel rods and standard U0 2 rods. The full TRU vector will be recycled, and the
strategy will rely on multi-recycling. Previous CONFU designs used spinel (MgAl20 4) for
the TRU inert matrix. The material chosen for the inert matrix in this work is a 50/50 mix of
magnesia-zirconia (MgO-Zr 20 3).
Magnesia-Zirconia is neutronically inert, and zirconia in particular provides good
radiation stability. The typical design for an inert matrix fuel is to make the fuel in the form
of oxide micro-spheres with another material such as yttria-stabilized zirconia to protect the
inert matrix itself from fission fragment damage. Magnesia has high thermal conductivity,
but is hygroscopic. However, mixing the magnesia and zirconia together results in a matrix
with better thermal conductivity than zirconia, is acceptably stable in the presence of water,
and also has the other desirable mechanical and thermal properties required of an inert matrix.
In addition, the magnesia phase readily dissolves in nitric acid, a typical first step in aqueous
reprocessing [Medvedev, et. al., 2006]. Thus MgO-ZrO 2 is chosen over spinel (MgAl20 4)
because it is more recyclable. Other properties of the inert matrix are discussed further in
Chapter 7.
Comparison of Fast and Thermal reactors
An important disadvantage of fast reactors is that, with the exception of sodium-cooled
reactors, they will require substantial development before they can be deployed on a large
scale. This is expected to delay their deployment for more than a decade beyond advanced
thermal systems. In addition, fast reactors typically require large fissile inventory to attain
criticality due to smaller cross-sections. Hence, they need large initial loadings of TRU and
transmute a smaller fraction over the cycle time. These two factors combine to make fast
reactors somewhat slower than thermal systems in depleting accumulated TRU from LWR
SNF.
A previous study compared two advanced reactor types designed for TRU management in
a scenario where worldwide energy demand increased at a rate of 2.1% per year until 2100
[Boscher, et. al., 2004]. The first advanced reactor considered was a CONFU-E reactor,
which, as described earlier, is a PWR thermal reactor that uses TRU in inert matrix fuel (IMF)
rods in the same assembly as standard UO2 fuel rods. This assembly was designed to achieve
a net zero TRU destruction rate with each recycle. The second advanced reactor was an
Actinide Burning Reactor (ABR). The ABR is a lead cooled fast reactor that bums TRU in
metallic IMF. Throughout the time frame studied, a fleet of conventional LWRs along with
CONFU-E reactors was able to consistently incinerate more TRU than a fleet of LWRs along
with ABRs.
In this study, the first CONFU-E LWR is deployed in 2015, while the first ABR is
deployed in 2028. Additional advanced reactors are deployed as soon as reprocessing and
separation capacity can provide fuel to operate them. Standard LWRs are deployed to meet
any remaining power demand. The results of this analysis for TRU accumulation for both the
CONFU/LWR and ABR/LWR strategy are shown in Figures 1.2.4 and 1.2.5 below.
Specifically, the CONFU-E strategy is seen to incinerate 11,400 MT of TRU while the ABR
strategy was able to incinerate 8,800 MT of TRU by 2100.
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Figure 1.2.4 - TRU balance with CONFU-E deployment [Boscher, et. al., 2004]
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Figure 1.2.5 - TRU balance with ABR deployment [Boscher, et. al., 2004]
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1.3 CONFU-B Fuel Assembly Design Constraints
The CONFU-B fuel assembly is intended to be able to substitute for a standard 17x17
Westinghouse Pressurized water reactor (PWR) assembly. These CONFU-B PWR
assemblies are based on a standard Westinghouse 17x17 fuel assembly geometry, and are
designed to have neutronic and thermal-hydraulic performance similar to an all UOa2
assembly. Table 1.3.1 lists the design parameters for the reference Westinghouse core
[Shwageraus, et. al., 2003].
Table 1.3.I - Reference core design parameters [Shwageraus, et. al., 2003]
Plant description
Number of primary loops 4
Core thermal power (MWth) 3411
Plant thermal efficiency (%) 33.71
Plant electric output (MWe) 1150
Core parameters
Power density (W/cm 3) 104.5
Average linear heat generation rate (W/cm) 182.91
Primary system pressure (MPa) 15.5
Total core flow rate (Mg/sec) 18.63
Core coolant mass flux (kg/m2-sec) 2087.6
Core inlet temperature (oC) 292.7
Fuel Rods
Total number of fuel rod locations 50,952
U02 fuel density (% of theoretical) 94
Pellet diameter (mm) 8.192
Pellet height (mm) 13.4
Gap thickness (mm) 0.082
Cladding material Zircalloy-4
Cladding thickness (mm) 0.572
Cladding outer diameter (mm) 9.5
Active fuel height (m) 3.66
Fuel Assembly
Total number of assemblies 193
Lattice type Square
Assembly lattice geometry 17 x 17
Number of fuel rods per assembly 264
Number of grids per assembly 7
Fuel rod pitch (cm) 1.26
Assembly pitch (cm) 21.5 x 21.5
Control Rod Cluster
Neutron absorbing material Ag-In-Cd
Cladding material 304 SS
Cladding thickness 0.46
Number of clusters 53
Number of absorber rods per cluster 24
CONFU-B assemblies use a mix of standard U0 2 pins along with inert matrix fuel (IMF)
pins made of TRU-oxide microspheres in an inert oxide matrix. These assemblies will be
designed so that they fission more TRU in the IMF pins than is produced in the U0 2 pins,
resulting in a net TRU destruction over a 3-batch, 18-month fuel cycle. After an appropriate
cooling period, the remaining TRU in the IMF pins will be reprocessed and mixed with the
TRU separated from the UO2 pins to make the TRU for the next CONFU-B batch. In this
way, the TRU is multi-recycled, only fission products and separation/reprocessing losses are
sent to the repository, and the current inventory of TRU is reduced over time.
Specific desien constraints and assumptions
In designing the CONFU-B assembly, the following design constraints and assumpions
were used:
* Achieve net TRU destruction (more TRU consumed than generated).
* Limit TRU loading to 20 v/o of IMF for good irradiation stability.
* Should fit in the reference reactor geometry and operating envelope.
* Use 3-batch, 18-month fuel management.
o Assume linear reactivity
* Achieve 1350 effective full power days (EFPD) per assembly with multi-
recycling.
o Assume 3% neutron leakage in determining the reactivity limited burnup
(B1).
o Limit U0 2 enrichment to 5 w/o.
* Limit assembly pin peaking to 1.25.
o This pin peaking limit is somewhat arbitrary. The ultimate goal is to
achieve an MDNBR=1.40 or greater (comparable to reference core value).
* Maintain operational neutronic safety parameters comparable to an all-U0 2
assembly, i.e.:
o Doppler coefficient
o Void coefficient (VC)
o Moderator temperature coefficient (MTC)
o Boron Worth (BW)
o Effective delayed neutron fraction (Pff)
Minimize the accumulation of higher actinides that make fuel handling difficult.
1.4 Thesis organization
This thesis consists of ten chapters. The first chapter briefly described the challenges
associated with current LWR cycles, paying particular attention to the problems of geological
storage of SNF. It also described the different types of systems available for actinide
transmutation, and gave additional details on design consideration for transmuting TRU in
LWRs. The chapter then summarized the important design constrains and design objectives
for CONFU-B assemblies.
Chapter 2 provides a benchmark of computational codes. CASMO4 is the primary code
used for assembly level neutronic analysis. Previous studies have benchmarked the use of
CASMO for use with heterogeneous dispersion fuel. This chapter expands on that work by
using MCODE to validate the use of CASMO for multi-recycling. Additionally, 70-energy
group CASMO results were compared to 172-energy group APOLLO results for the MOX-
UE and CORAIL designs. All calculations were based on the JEF2.2 nuclear data library.
Details and references for all computational codes used are provided in Appendix A.
Chapter 3 examines the impact of three different recycling strategies on CONFU-B
performance. It addresses the effects of cooling time and partitioning of Am and Cm on TRU
destruction rate, cycle length, and the accumulation of Am and Cm with each recycle.
Chapter 4 evaluates the CONFU-B assembly using the Remix recycling strategy
developed in Chapter 3. This design and recycling strategy is compared to the MOX-UE and
CORAIL recycling strategies. The metrics for comparison used are TRU destruction rates
and Am/Cm accumulation rates, along with Doppler, VC, MTC, BW and 3eff.
Chapter 5 assesses the whole core thermal-hydraulic performance of the CONFU-B
assembly versus an all-UO2 assembly using VIPRE. The assembly level pin peaking
calculated in Chapter 3 is used along with a core-wide radial peaking of 1.50 to determine
MDNBR of the hottest assembly.
Chapter 6 develops the poison loading design required to suppress the excess reactivity in
a 3-batch CONFU-B core at startup. This reactivity suppression is important for reactor
control, but also can be used to help minimize the power in the hot assembly, and thus add to
the thermal-hydraulic margin. Thus, the impact of the poison design on assembly level power
peaking is also considered, along with tailored enrichment.
Chapter 7 provides a safety assessment of the CONFU-B design using the system code
RELAP5. It also provides a qualitative comparison with previous RIA work done on
CONFU-E with a point kinetics model.
Chapter 8 provides an assessment of the long-term impact on the repository from the use
of CONFU-B assemblies. It also examines short-term fuel radiation parameters, and develops
fuel handling indices for the reprocessing of spent fuel.
Chapter 9 compares the fuel cycle costs for a "next batch" load of U0 2, MOX-UE,
CORAIL, and CONFU-B.
Chapter 10 develops a proliferation risk methodology for assessing the CONFU-B design
against other thermal transmutation options, such as MOX-UE and CORAIL. The metric for
comparison used is the total integrated risk over the lifetime of the fuel cycle. This
methodology also introduces the use of "discounted risk", a metric that weights current risks
more heavily than future risks. A parametric study of different discount rates and their impact
on the total proliferation risk of the fuel cycle are also given.
Finally, Chapter 11 summarizes the main findings and conclusions of this thesis, and
makes recommendations for future work.
Chapter 2 - Benchmark of computational codes
The neutronic analysis in this work was carried out with the two-dimensional (2-D)
transport code CASMO4, which uses a 70-energy-group neutron cross-section library based
on JEF2.2 data [Edenius, et. al., 1995]. CASMO4 tracks the evolution of about 200 fission
products and more than 40 actinides ranging from Th-232 to Cf-252. The code is designed
for cylindrical fuel rods in LWRs or CANDU bundles, and treats the isotopic mix of the fuel
as homogeneous. CASMO4 is used widely in industry to conduct burnup calculations in
support of fuel management operations.
There are two main areas where CASMO4 needs to be validated for use in calculations
with CONFU-B assemblies. First, the IMF fuel anticipated for use in these assemblies is a
micro-dispersion fuel. The TRU is loaded into the IMF in the form of microspheres with a
diameter of about 150 im. These microspheres are made of one-third to two-thirds TRU-
oxide and the remaining material is yttria-stabilized zirconia (Y20 3-ZrO2). The IMF is also an
oxide, as discussed earlier. The microspheres make up approximately 30% of the total
volume of the IMF fuel rod, with the remainder being the inert matrix. This additional level
of heterogeneity from the dispersed fuel can exhibit a double-heterogeneity effect, which is
not addressed by CASMO4. CASMO4 treats this fuel as a homogeneous mix.
Second, the TRU in CONFU-B assemblies is multirecycled. Since the accumulation of
higher actinides (most notably americium and curium) has a significant impact on fuel
handling difficulty, the accuracy of these concentrations is important, even though their
impact on reactivity is small. There has been some concern whether the 70-energy group
structure used by CASMO4 provides sufficient resolution for some of the resonances of
higher actinides, and whether or not more energy groups would give more accurate results. In
particular, there is a question as to whether there is sufficient resolution for the lowest energy
resonance in Pu-242.
CASMO4 defines the resonance region to lie between 4 eV and 9118 eV. In this region, a
special resonance treatment computes the Dancoff factors to account for the screening
between different pins. Figure 2.1 shows four key resonances for Pu isotopes below the 4 eV
cutoff for this resonance treatment. The CASMO user's manual states "The 1 eV resonance
in Pu-240 and low energy resonances in Plutonium and other actinides are adequately covered
by the concentration of thermal groups around these resonances and are consequently
excluded from the special resonance treatment." In fact, the resonances for Pu-239, Pu-240,
and Pu-241 are covered by energy groups with a width of 0.02 to 0.03 eV. However, the Pu-
242 resonance is covered by energy groups with a width of 0.6 eV, a factor of 20 larger.
Energy (MeV)
Figure 2.1 - Low Energy Resonances for Pu Isotopes, JEF2.2 Data [Nuclear Data
Evaluation Lab, 2000].
2.1 Previous Benchmark Work
The first area concerning the impact of micro-heterogeneous fuel was addressed by E.
Shwageraus, et. al., in a previous study. This study first used MCNP4C [Briesmeister, 2000]
to explicitly model the IMF pin micro geometry. Then, burnup calculations were performed
using the MCODE [Xu, et. al., 2002] (MCNP-ORIGEN) linkage utility program. Next, the
MCODE calculations were repeated with a homogeneous mix of TRU, YSZ, and inert matrix.
Finally, the burnup of the homogeneously mixed fuel was calculated using CASMO4.
The results of these calculations showed that the reactivity for the two MCODE cases
varied by a fraction of a percent, while the reactivity predicted in the CASMO4 case varied
from the MCODE results by 0 to 0.5%. The burnup range investigated was from 0 to 400
MWd/kg, which represents an approximate 18-month irradiation for an IMF pin. In addition
to reactivity, the report also examined selected isotopes over the same burnup range.
Differences in predicted isotopic concentration were attributed to the different libraries used
in the two calculations (JEF2.2 for CASMO4, ENDF-VI for MCODE). The report concluded
that "No effect due to the limited cross-section library energy group structure was observed.
The effect of the micro particle homogenization can be considered as minor and is neglected
for the purposes of this study."
It should be noted that the double-heterogeneity of dispersion type fuel is important in fuel
types such as the U0 2 TRISO micro particles used in pebble bed gas cooled reactors
[Lebenhaft and Driscoll, 2002a]. The increased importance of double-heterogeneity effect
has been assumed to be due to the high fraction of fertile material present in UO2 fuels, as
compared to the TRU fuel particles loaded in IMF fuels [Lebenhaft and Driscoll, 2002b].
2.2 CASMO4 vs MCODE2 for multi-recycling
For this work, an updated version of MCODE was used. MCODE2.2 [Xu, et. al., 2006]
provides the same MCNP-ORIGEN linkage for burnup calculations, but uses an updated
predictor-corrector algorithm. This work uses a methodology similar to the micro-
heterogeneity benchmark described in Paragraph 2.1 to assess whether CASMO4 is accurate
for calculating TRU isotopic quality for multirecycled TRU.
In this analysis a single IMF pin was modeled with a heterogeneous mix of TRU, YSZ,
and inert matrix in both CASMO4 and MCODE2. The IMF pin was burned to approximately
450 MWd/kg, which is the burnup this pin would see as part of a CONFU-B assembly in its
first recycle. JEF 2.2 data libraries were used for both sets of calculations, except where those
libraries were not available for MCODE2. The specific isotopes that did not have JEF2.2 data
in the MCODE2 calculations were:
* U-239
* Np-236, Np-238, Np-239
* Pu-243
* Am-244
* Cm-249
* All isotopes of Bk and Cf
Most of these isotopes have a relatively small impact on the evolution of the TRU vector
because they have very short half-lives (on the order of minutes to days), and so are more
likely to decay than to undergo transmutation. The one long-lived isotope on the list, Np-236,
has a production path with a very low probability of occurrence, and so its accumulation is
very limited.
Other differences in the two codes include the fact that MCNP is a stochastic code while
CASMO4 is deterministic. Another important difference is that CASMO4 uses 70 energy
groups while MCNP uses continuous energy sampling. This fine (continuous) energy
resolution in MCNP makes the code more accurate when the resolution is truly important.
After discharge, the pin was allowed to cool for 6-years, and the TRU was reprocessed.
To determine the TRU for the next recycle, the mixing and relative loading from full
assembly CONFU-B (CASMO) calculations were used. For example, the first full assembly
CONFU-B has 84 IMF pins and 180 UO2 pins. Therefore, in the benchmark comparison, the
mass of TRU from 84 discharged IMF pins (calculated by CASMO or MCODE) was
combined with the TRU from 180 spent U0 2 pins (50 MWd/kg) to get the appropriate TRU
composition for the next IMF pin. The total mass was scaled up (or down) to get the required
mass for the next IMF TRU load. The required mass is determined by the TRU loading and
the number of IMF pins per assembly, which is largely determined by the cycle length
requirement. For additional details, see Chapter 3. This process was repeated for 7 IMF
recycles, and the results compared.
There is good general agreement for the isotopes Pu-239 through Pu-242. The first
divergence in results occurs in the isotope Pu-242. The two codes are in good agreement until
cycle 3, after which, the results diverge. CASMO underpredicts MCODE by about 11%. As
was stated earlier, there is a question as to whether CASMO has sufficient resolution to
properly treat the lowest resonance of Pu-242, and this may be the cause for the divergence.
A larger relative difference is also seen in Pu-243. However, it is difficult to discern whether
this divergence is due to the different libraries used for Pu-243, or due to the energy resolution
of the lowest Pu-242 resonance. To resolve this question, the MCODE calculations would
have to be repeated using the JEF2.2 library for this isotope, which as stated earlier, was not
available. In any event, the absolute difference in predicted concentrations of Pu-243 is about
19% from recycle 2 through 7. Comparisons for these Pu isotopes are given in Figures 2.2.1
through 2.2.5. The values shown are the average isotopic number density (atoms/cm 3) for
each isotope in the IMF pin at discharge from the recycle.
Figure 2.2.1 - MCODE2 vs CASMO4 calculations for Pu-239
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Figure 2.2.2 - MCODE2 vs CASMO4 calculations for Pu-240
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Figure 2.2.3 - MCODE2 vs CASMO4 calculations for Pu-241
Pu-242
Figure 2.2.4 - MCODE2 vs CASMO4 calculations for Pu-242
5.0Ut+2U
4.5E+20
4.OE+20
3.5E+20
3.OE+20
E 2.5E+20
2.OE+20
1.5E+20
1.OE+20
5.OE+19
0.OE+00
- MCODE
- CASMO
0 1 2 3 4 5 6 7
EOC Recycle #
'..Ur+LU
3.5E+20
3.0E+20
2.5E+20
E 2.OE+20
1.5E+20
1.OE+20
5.OE+19
O.OE+00
- MCODE
- CASMO
0 1 2 3 4 5 6 7
EOC Recycle #
Pu-243
Figure 2.2.5 - MCODE2 vs CASMO4 calculations for Pu-243
As the Pu-241 decays between recycles, it decays to Am-241. When this fertile isotope
absorbs a neutron during the next irradiation, it can be transmuted to either Am-242 (T1/2=16
hr) or to the metastable state Am-242m (T1/2=141 yr). The state that the Am-242 occupies is
determined by the branching ratio of the reaction, which is energy dependent [Ronen, et. al.,
2006]. This branching ratio is determined by CASMO based on the calculated flux, while
MCODE2 draws on the PWRUE.lib library in ORIGEN2.2. For these calculations,
MCODE2 uses a branching ratio of (80%/20%) for (Am-242/Am-242m), while CASMO4
uses a branching ratio of (90%/10%). This accounts for the result that MCODE2 predicts an
Am-242m concentration that is a factor of 2 larger than CASMO4. In addition, the half-life
of Am-242 is much shorter than Am-242m, so even though the branching ratio favors
production of Am-242, its overall concentration is much less. Figures 2.2.6 through 2.2.8
show the results for Am241, Am-242, and Am-242m.
Am-241
Figure 2.2.6 - MCODE2 vs CASMO4 calculations for Am-241
Figure 2.2.7 - MCODE2 vs CASMO4 calculations for Am-242
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Figure 2.2.8 - MCODE2 vs CASMO4 calculations for Am-242m.
There are a number of different pathways to Am-243, including neutron capture in Am-
242, beta-decay of Pu-243, and electron capture (EC) in Cm-243. Overall, these result in a
higher prediction of Am-243 from MCODE2than by CASMO4, as can be seen in Figure
2.2.9. Am-243 is then the primary pathway to Am-244 which then rapidly beta-decays
(TI/2=10 hr) to Cm-244.
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Figure 2.2.9 - MCODE2 vs CASMO4 calculations for Am-243.
Overall, CASMO4 predicts lower concentrations of all Cm isotopes than does MCODE2.
At cycle 4, the results begin to diverge, and then by cycle 7, the total Cm predicted by
CASMO4 is 17% lower than MCODE2. Figure 2.2.10 shows the sum of all Cm isotopes
predicted by each code. Am-242 has a very short half life (T1/2=16 hours), and it
predominately beta-decays to Cm-242, which then can become Cm-243 by capture. Cm-244
and higher isotopes primarily come from beta-decay of Am-244 and subsequent captures.
Since Cm isotopes are significant heat and neutron sources, they tend to dominate the level of
fuel handing difficulty after several few recycles. In this regard, we can say that MCODE2.2
is the more conservative code in predicting the level of difficulty in fuel handling. However,
the codes agree within 20% for each isotope from Np through Cm (A notable exception is
Am-242m, as discussed earlier).
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Figure 2.2.10 - MCODE2 vs CASMO4 calculations for all Cm Isotopes.
2.3 CASMO4 vs APOLLO2.2 for MOX-UE analysis
Comparisons with other codes can also provide validation for the TRU vector predictions.
The MOX-UE concept, which will be more fully introduced in Chapter 4, is a CEA assembly
design that multi-recycles Pu. The calculations made by CEA use the APOLLO2.5 multi-
group transport code and its associated 172-group library CEA93.V6 [Loubiere, et. al., 1999],
which is based on JEF2.2 data. This code uses the same nuclear data library as CASMO4, but
utilizes 172 energy groups as opposed to CASMO4's 70. In addition, the MOX fuel used in
the assembly design is a homogeneous mix of oxides. As a result, an analysis of
multirecycling in MOX-UE provides a good benchmark for determining the adequacy of 70
energy groups for multirecycling calculations.
For this comparison, CASMO4 was used to make assembly level multirecycling
calculations of the MOX-UE strategy. Note that assembly level calculations give slightly
different results than pin cell calculations, because assemblies have slightly larger hydrogen-
to-heavy metal ratios due to the presence of water rods. Published data [Youinou, et. al.,
2003] for the MOX-UE assembly were used, and are listed in Table 2.3.I. MOX-UE uses a
geometry very similar to a standard Westinghouse 17x17 assembly design and standard PWR
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core operating conditions. As the Pu is multi-recycled, there is less Pu at discharge than is
needed for the next recycle. The discharged mass is therefore supplemented with mass of the
same isotopic quality as the "Initial Pu Vector" for the next recycle.
Table 2.3.1 - MOX-UE parameters used for CASMO4 Calculations
Assembly Parameters
Assembly Pitch (cm) 21.6112
Fuel Pitch (cm) 1.26
Cladding Outer Radius (cm) 0.474364
Cladding Thickness (cm) 0.0617
Fuel pellet radius (cm) 0.41266
MOX Fuel Density (g/cm3) 10.02
Core Parameters
Power Density (kW/1) 104.5
Fuel Management 3-batches, 18-months
Discharge Burnup (EFPD) 1515
Initial Pu Vector (wt%)
Pu-238 2.7
Pu-239 56.0
Pu-240 25.9
Pu-241 7.4
Pu-242 7.3
Am-241 0.7
Our results using CASMO4 calculations are compared with CEA's APOLLO2.5
calculations in Table 2.3.II. The APOLLO2.5 results are reported in [Youinou, et. al., 2003].
While the results for Pu destruction are very close, the results for Am+Cm accumulation
differ by about 5%. For all recycles, the Am+Cm results predicted by CASMO4 are larger
than those predicted by APOLLO2.5. Since Am and Cm are significant contributors to fuel
handling difficulty, one can conclude that the CASMO4 results are more conservative. These
results are in better agreement than the comparison of CASMO4 and MCODE2.2.
Table 2.3.11 - MOX-UE Results from CASMO4 and APOLLO2.5
Recycle 1 2 3 4 5 6 7
APOLLO2.5 Results
U0 2 Enrichment (wt%) 0.25 0.5 1.8 2.3 2.7 2.9 3.0
Pu Loading (wt%) 9.3 12.0 12.0 12.0 12.0 12.0 12.0
Net Pu (kg/TWhe) -70 -78 -72 -70 -68 -67 -67
Net Am+Cm (kg/TWhe) +13 +19 +20 +20 +21 +21 +21
CASMO4 Results
U0 2 Enrichment (wt%) 0.25 0.5 1.8 2.3 2.7 2.9 3.0
Pu Loading (wt%) 9.3 12.0 12.0 12.0 12.0 12.0 12.0
Net Pu (kg.TWhe) -69 -78 -73 -71 -69 -68 -68
Net Am+Cm (kg/TWhe) +15 +20 +21 +22 +22 +22 +22
Pu % Difference (CASMO- 1.5% 0.0% 1.4% 1.4% 1.5% 1.5% 1.5%
APOLLO)/APOLLO
Am+Cm % Difference 15.4% 5.3% 5.0% 10.0% 4.8% 4.8% 4.8%
(CASMO-APOLLO)/APOLLO
A different study by OECD/NEA benchmarked Pu multirecycling calculations from a
number of different codes against APOLLO2 [OECD/NEA, 2002b]. In this study, 1 kg Pu
was recycled in a MOX pin cell, cooled for 5-years after discharge, and then separated via
PUREX. The additional Pu mass needed for the next recycle came from spent UO2, and a 2-
year fabrication time was used. 1 kg of Pu was loaded in the pin cell with each recycle, and
the MOX fuel used depleted uranium.
Table 2.3.III lists the codes compared in the OECD/NEA study. Since the codes used a
number of different methodologies and libraries, the key differences in results were attributed
to:
* Data differences (in the nuclear data libraries)
* Flux calculations (spectrum)
* Self-shielding effects affecting the calculation of resonance absorptions.
Table 2.3.111 - Participants and Methods in the OECD/NEA benchmark study of Pu
Multirecycling.
Participant Code Flux Calculationa Library
Belgonucleaire WIMS6 Pij JEF 2, 172-group (0-20 MeV)
BNFL WIMS Pij JEF 2 (0-20 MeV)
CEA APOLLO2 Pij JEF 2, 172-group (0-20 MeV)
ECN OCTOPUS Transport P3Sg and JEF2
Monte Carlo
EDF APOLLO1 Pij JEF 1 (0-10 MeV) +
ENDF/B.IV, 99-group
GRS OREST-96 Pij ENDF/B.V
IFRR SPEKTRA Pij JEF 2
IKE RESMOD, Pij JEF 2
RSYST3,
ORIGEN-2
IPPE WIMS (ABBN) Pij POND-2, 66-group
JAERI SRAC-95 Pij JENDL 3.2
KAERI HELIOS Pij ENDF/B.VI, 89-group
NAGOYA SRAC Pij ENDF/B.VI, 107-group
Univ.
PSI BOXER Pij JEF 1, 70-group
OSAKA Univ. RESPLA/CP Pij JENDL 3.1
RESPLA/DC Pij
TOHOKU SRAC, Pij JENDL 3.2
Univ. ORIGEN2
a The "Pij method" means that the code solves the integral form of the Boltzman equation
through the collision probability method.
It is important to note that CASMO was not included in this benchmark study. The results
from all the codes calculations were compared to APOLLO2 as a reference. The Pu content
at BOC predicted by each code varied by +/- 3% for recycle 2 to +/- 6% for recycle 5. The
Am+Cm content calculated by APOLLO2 was 29.6 kg/TWhe at the end of recycle 5, while
the other codes varied from 28.5 to 30.7 kg/TWhe at the end of recycle 5, a difference of
about +/- 4%. These results are comparable to the ones found comparing CASMO4 and
APOLLO2.5 in this current study.
2.4 Comparisons of Reactivity changes with Burnup
It is also useful to compare the predictions of reactivity change with burnup among the
codes and fuel cycles examined.
CASMO4 vs MCODE2 for CONFU-B
The pin cell calculations described in Section 2.2 also provide data for the predicted k-inf
vs. burnup for the FFF pin cell from both CASMO4 and MCODE2.2. The results are given in
Figures 2.4.1 through 2.4.5 for cycles 1, 2, 3, 5, and 7 respectively.
k-inf vs burnup, cycle I FFF pin
1.3
1.25
1.2
1.15
1.1
r 1.05
J,
1
0.95
0.9
0.85
0.8
- CODE Cycle 1 FFFF
- - CASMO Cycle 1 FFF
0 200 400 600 800 1000 1200 1400 1600
Burnup (EFPD)
Figure 2.4.1 - FFF pin reactivity vs. burnup, Cycle 1
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Figure 2.4.4 - FFF pin reactivity vs. burnup, Cycle 5
Figure 2.4.5 - FFF pin reactivity vs. burnup, Cycle 7
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For the first cycle, the k-inf predicted by CASMO4 and by MCODE is very close and
diverges to a maximum of about 5% towards the discharge burnup of 1350 EFPD. For the
remainder of the recycles, the predicted values of k-inf are within about 3%, with CASMO4
being consistently higher. Recall that CASMO predicted the same accumulation of Pu-239
than MCODE in recycle 3, and slightly higher in succeeding recycles. This isotope is the
dominant contributor to reactivity in FFF pins, and so is largely responsible for the increased
reactivity predicted by CASMO after recycle 3.
OECD/NEA Benchmark Study
The study by OECD/NEA also compared the predictions of the codes involved in the
study for the end-of cycle k-inf for a MOX pin for 5 recycles. Again, the APOLLO2 code
was used as the basis for comparison, and there was good general agreement among all the
codes. Specifically, the largest difference from the CEA APOLLO prediction was 0.9% at the
end-of-cycle 1 and 1.3% at the end-of-cycle 5. It is important to note that only Pu was
recycled in the OECD/NEA study for the pin cell calculations.
2.5 Chapter Summary
Previous pin cell benchmark studies validated the use of CASMO4 for micro-
heterogeneous dispersion fuel. These studies concluded that the effect of the micro particle
homogenization could be neglected when using CASMO for CONFU assemblies.
A similar pin cell benchmark for this work found that the 70-energy group structure of
CASMO4 produced good agreement for most of the Pu isotopes and many of the Am isotopes
when compared to the continuous energy treatment given by MCODE. A few isotopes,
notably Pu-243 and Am-242m, showed more significant differences, although it wasn't clear
how much of these differences was due to the energy resolution and how much was due to the
nuclear data library differences. Ultimately, CASMO predicted 17% lower accumulation of
Cm isotopes, and is therefore considered less conservative than MCODE2 with regards to the
build up of minor actinides.
This trend was reversed when CASMO4 was compared to APOLLO2.5, a 172-group code
based on JEF2.2 data. These two codes had good agreement in prediction of Pu
concentrations for multirecycled Pu in MOX-UE assemblies. This time, CASMO4 predicted
higher concentrations of Am+Cm, in this case by about 5%. This variation was found to be
comparable to the variations found in previous benchmark studies conducted by OECD on
APOLLO2.
In conclusion, CASMO4 was found to predict higher Cm and Am concentrations than
APOLLO2, but lower than MCODE 2.2. CASMO4 prediction differed from APOLLO2 by
-5%, and differed from MCODE2 by within 20%. CASMO and APOLLO both used the
same data library (JEF2.2), while JEF2.2 libraries were not available for all isotopes in
MCODE. The overall reactivity predictions of all three codes agree within a few percent and
CASMO was able to reproduce the MOE-UE results of APOLLO2 fairly well. Therefore, we
conclude that CASMO4 can be used in the scoping studies in this work with confidence.
Chapter 3 - Assessment of CONFU-B Recycling Strategies
Current European industry practice for TRU recycling is to separate only the plutonium
from spent light water fuel using the PUREX process. This plutonium is combined with
depleted uranium to make mixed-oxide fuel (MOX) for use in current light water reactors
[Youinou, et. al., 2003]. The MOX fuel is made into all-MOX assemblies, which then make
up approximately 30% of the assemblies in a LWR core. The remaining assemblies in the
core are all-UO2 assemblies. After the MOX is burnt once, its fissile content is significantly
reduced. Many studies have concluded that after this MOX recycle, the fissile content would
be too small to be recycled again. The current European industry practice is to recycle the Pu
once. As a result, the total Pu inventory associated with this strategy continues to grow. In
addition, the separated Pu in the process presents a proliferation concern.
Multirecycling of the full TRU vector from LWR fuel in CONFU-B assemblies requires a
different separation process than the PUREX process used for recycling Pu in MOX. For the
CONFU-B, we chose to assess the UREX+ process [DOE/NE, 2005]. UREX+ is an aqueous
based recycling process currently being developed as part of DOE's Advanced Fuel Cycle
Initiative (AFCI). One of the goals of AFCI is to "develop and make available for industry
the separations technology needed to deploy by 2025 a commercial-scale spent fuel treatment
facility capable of separating transuranics in a proliferation-resistant manner for their recycle
and destruction through transmutation." There are several possible versions of UREX+ with
different combinations of outputs. The one assessed here (illustrated in Figure 3.1) involves a
series of five solvent-extraction process segments that separate spent fuel into seven product
and waste streams. As it is currently envisioned, this UREX+ process will have the following
separate streams:
* Iodine for safe disposal
* U308 for recycle or disposal as low-level waste (LLW)
* Np/Pu for mixed oxide fuel for thermal reactors
* Tc for safe disposal
* Am/Cm for fast-reactor fuel
* Cs/Sr for decay storage
* Mixed fission products for repository disposal
This version of the UREX+ process and its outputs were used as a basis for recycling
calculations in this work. Figure 3.1 shows the major process segments and their output
streams.
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Figure 3.1 - UREX+ Process [Vandegrift, et. al., 2004]
To briefly summarize each process segment:
UREX - The URanium EXtraction Process first dissolves the fuel in Nitric acid,
during which the volatile fission products are removed and the iodine is recovered.
UREX then uses the typical PUREX solvent, TBP, along with a
reductant/complexant to limit the extractability of Pu and Np, to extract the U and
the Tc. The remaining fission products, along with the actinides, move on to the
CCD-PEG segment. The U/Tc stream then is stripped of the Tc using a high nitric
acid concentration.
* CCD-PEG - This next segment uses chlorinated cobalt dicarbollide (CCD) for
cesium extraction and polyethylene glycol (PEG) for strontium extraction. The
remaining elements move on to the NPEX segment.
* NPEX - In the Np/Pu EXtraction segment, the reductant/complexant used in the
UREX process is removed, and the Np/Pu is extracted using the same solvent
composition as UREX. The remaining materials move on to the TRUEX segment.
* TRUEX - In the TRU EXtraction segment, the Am/Cm, the rare earth elements,
and the residual Pu/Np are stripped from the remaining fission products and sent
on to the Cyanex-301 segment.
* Cyanex-301 - Cyanex 301 is a commercial product supplied by Cytec Industries,
Canada. It is used for lanthanide/actinide separation, and the rare earths and the
Am/Cm, along with any remaining Np/Pu are co-extracted, and the rare earths are
carried off in the raffinate.
We also assumed that a similar process, with the same separation efficiencies, would be
available for the FFF pins. The separation efficiencies used for this work are given in Table
3.1. Note that for the calculations conducted in this work, we used 100% separation efficiency
for all fission products. This was done to reduce the number of isotopes multirecycled to the
actinides only.
Table 3.1 - Summary of UREX+ process separation efficiencies [Vandegrift, 2004]
Process Element Separation Experimental Value used
Goal Results for this work
UREX U >90% 99.95% 99.9%
Tc >95% 100%
I >95% 100%
CDC-PEG Cs 97% 96% 100%
Sr 97% 99% 100%
NPEX Pu >99% 99.5% 99.9%
Np >99% 71% 99.9%
TRUEX FPs 100%
Cyanex 301 Am 99.5% 27% Np 99.5%
98% Am
Cm 99.5% 79% 99.5%
3.1 Key Multi-recycling Challenges
3.1.1 Degradation of TRU fissile content
There are several key neutronics challenges that occur in multirecycling TRU in a thermal
spectrum. The first is sustaining the cycle length with each succeeding recycle as the fissile
content in the TRU vector degrades. For this work, a 3-batch 18-month cycle length was
used. The linear reactivity model was assumed, along with a neutron leakage rate of 3%
[Driscoll, et. al., 1990]. Once fuel assembly was modeled in CASMO4, and the core was
assumed to be composed of all the same type of assembly at the same stage of recycle. In
particular, we used a goal of 1350 effective full power days (EFPD) for each CONFU-B
batch.
Plutonium is the primary source of fissile isotopes in the TRU that help sustain the cycle
length. Two fissile isotopes, Pu-239 and Pu-241, make up 56% by weight of the TRU from
spent LWR fuel, and nearly 100% of its fissile content. The spent fuel TRU vector for a
standard all-UO 2 assembly is given in Table 3.1.1 below. This represents the initial TRU load
for the first CONFU-B recycle.
Table 3.1.1 - Isotopic weight % for spent UO2 PWR fuel, burnup of 50 MWd/kg, 5-year
cooling, with 99.995% uranium removed [Taiwo, et. al., 2004]
Isotope Weight Percent
U-234 0.00007
U-235 0.00234
U-236 0.00194
U-238 0.32462
Np-237 6.64100
Pu-238 2.74900
Pu-239 48.65200
Pu-240 22.98000
Pu-241 6.92600
Pu-242 5.03300
Am-241 4.65400
Am-242 0.01900
Am-243 1.47200
Cm-242 0.00000
Cm-243 0.00500
Cm-244 0.49600
Cm-245 0.03800
Cm-246 0.00600
However, as the TRU is multi-recycled, the Pu vector degrades (its fissile content is
reduced, and is supplanted with fertile isotopes, such as Pu-238, Pu-240, etc). As a result, it
becomes more and more difficult to sustain an 18-month cycle for a given TRU loading. For
illustration, the Pu vector from a CONFU-B assembly with 6-year cooling and full TRU
recycling is shown in Figure 3.1.1. It should be noted that a Pu-238 content of 2 wt% or
greater is considered to be "highly undesirable" for potential weapons use while Pu-240
concentrations above 18 wt% are considered "conceivably unusable" due to the large decay
heats and spontaneous neutron generation of these isotopes.[Pellaud, 2003]. Although the
IAEA does not address the Pu-242 content, it has similar detrimental effects on the material
for weapons proliferation. For further discussion of proliferation resistance, the reader is
directed to Chapter 9.
Figure 3.1.1 - Weight % of Plutonium in the TRU vector, loaded in the FFF pins at the
beginning of each CONFU-B batch.
It's also interesting to note that the Pu-238 and Pu-240 concentrations increase to some
maximum value, and then decrease with additional recycles. This has to do with the
transmutation paths followed by Pu. In particular, Pu-239 is the first Pu isotope that begins to
accumulate as U-238 is irradiated. With subsequent neutron captures, Pu-239 transmutes to
Pu-240, -241, -242, and -243. Pu-238 begins to accumulate from the following two paths:
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When Pu-241 transmutes to Pu-242, the transmutation path then proceeds to Am-243 and
eventually to Cm-244 and higher isotopes of Cm with half-lives on the order of 1,000s of
years. Therefore, as Pu-242 accumulates, it no longer contributes to Pu-238 production. In
addition, as Pu-239 is depleted, the "feedstock" for Pu-240 is depleted, and the Pu-240
concentration begins to decline. And similarly, the Pu-241 concentration declines as the Pu-
240 concentration declines.
It should be noted that a significant portion of the fissile Pu loaded into the FFF pins is
exhausted by the end of the irradiation. The fissile Pu in subsequent recycles shown in the
above figure primarily comes from the TRU generated in the UOz pins in the assembly that is
separated for the next cycle. The TRU from the spent U0 2 pins in the assembly is
concentrated as the uranium is removed in the UREX process. It then partially replenishes the
fissile content of the TRU in the FFF pins as the two are mixed during reprocessing. Table
3.1.II1 gives a comparison of some of the key isotopic content of the UO2 and FFF pins for
recycle 01.
Table 3.1.11 - Isotopic content for UO 2 and FFF pins in CONFU-B assembly number 01
U-235
U-236
U-238
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Minor Actinides
Fission Products
Recycle 01
UO 2 pins (Bd=50 MWd/kg)
BOL (wt %)
4.2
0
95.8
0
0
0
0
0
0
0
EOL (wt %)
0.74
0.55
92.22
0.03
0.59
0.27
0.13
0.09
0.15
5.22
FFF pins (Bd=450 MWd/kg)
BOL (wt %)
0.002
0.002
0.32
2.75
48.64
22.99
6.93
5.04
13.30
0
EOL (wt %)
0.030
0.010
0.23
4.98
5.37
12.63
6.44
7.08
10.21
52.69
Thus, with each recycle, the TRU vector contains a smaller portion of fissile material. To
overcome this degradation, the methodology used to design the CONFU-B loading for each
recycle is as follows. As each assembly design was evaluated, the first priority was to achieve
an appropriate cycle length. To do this, we first increased the TRU loading in FFF pins from
10 v/o in recycle 01 to a maximum of 20 v/o as needed. This upper limit for TRU loading
was chosen to limit the problems found in higher loading of TRU in FFF, such as swelling
and excessive gas production due to alpha decays.
In addition, the enrichment of the U0 2 pins present in the assembly was increased from
4.2 w/o to a maximum of 5.0 w/o. This limit was chosen since it represents the upper limit
for current industry practice. As the TRU vector degrades, this higher enrichment serves as
the driver to sustain cycle length. Additionally, since FFF pins tend to have large power
peaking, this additional enrichment in the U0 2 pins helps to flatten power peaking.
Once the limits on TRU loading and UO2 enrichment were reached, the main way to
sustain the cycle length desired was to reduce the number of FFF pins per assembly, and
thereby adding more UO2 pins. An additional constraint that had to be considered was to
minimize the pin peaking, in order to stay within acceptable thermal-hydraulic margins. For
more details on the thermal-hydraulic analysis, the reader is directed to Chapter 5.
3.1.2 Accumulation of Am/Cm
Another significant challenge for multirecycling in thermal systems is the accumulation of
americium and curium. These isotopes make spent fuel handling more difficult through
increased heat generation and spontaneous neutron emission. Additionally, the delayed
neutron fraction (P3) for the isotopes in the TRU vector gets smaller as atomic number
increases, and this reduces operating margins. Since the main isotopes of Am and Cm are not
easily burned in a thermal spectrum, limiting their accumulation is highly desired. Table
3.1.111 lists some important isotopes and their properties.
Table 3.1.111 - Decay heat and spontaneous neutrons from various isotopes [NERAC
Task Force on TOPS, 2000]
Isotope Half-life Neutrons/sec- Delayed neutron fraction Watts/kg
(yr) kg [Pearlstein, 1999]
U-235 700x106 0.364 0.00610 6x10-
U-238 4.5x10 0.11 0.00170 8x10 -6
Np-237 2.1x10" 0.139 0.00170 0.021
Pu-238 88 2.67x106  0.00088 560
Pu-239 24x10 21.8 0.00170 2.0
Pu-240 6.54x103 1.03x10 0.00130 7.0
Pu-241 14.7 49.3 0.00510 6.4
Pu-242 376x10 1.73x10 6  0.00260 0.12
Am- 433 1540 0.00034 115
241
Am- 7.38x10 900 0.00055 6.4
243
Cm-244 18.1 1 lxl09 2,800
Cm-245 8.5x10 147x10 3  5.7
Cm-248 4.7x10 9x10 9  10
Bk-247 1.4x10 Nil 36
Cf-251 898 Nil 56
3.1.3 Effects of cooling time on TRU fissile content and Am/Cm
accumulation
The cooling time of the spent fuel impacts on these challenges through the decay of three
important isotopes: Pu-241, Cm-243, and Cm-244. Other isotopes in the TRU vector have
half lives that are either much longer or much shorter than a few years, and therefore are not
impacted by differences in cooling of a few years. A list of isotopes and their half-lives is
given in Table 3.1.IV. Thus longer cooling times have the advantage of reducing the Cm that
has accumulated, but have the disadvantage of reducing the Pu-241 content, which is an
important contributor to the fissile content of the TRU, especially in later recycles.
Table 3.1.IV - Select Isotope half-lives
Isotope Half-life Daughter
Pu-241 14.7 yr Am-241
Am-241 432.2 yr Np-237
Cm-242 (82.3%)
Am-242 16 hr Pu-242 (17.3%)
Am-243 7370 yr Np-239
Am-244 10 hr Cm-244
Am242m 141 yr Am-242
Cm-242 162.8 d Pu-238
Cm-243 29.1 yr Pu-239
Cm-244 18.1 yr Pu-240
Cm-245 8500 yr Pu-241
Cm-246 4760 yr Pu-242
Cm-247 1.56E7 yr Pu-243
Pu-244 (91.74%)
Cm-248 3.48E5 yr SF (8.26%)
Cm-249 64.15 min Bk-249
There is another, more subtle reason, that longer cooling times help to reduce the
accumulation of MA. With longer cooling times, more Pu-241 decays to Am-241, which puts
it on a path that restricts higher actinide accumulation. This alternate path was described in a
study by Oak Ridge National Laboratory that examined the impact of 30-year cooling on the
accumulation of minor actinides [Forsberg, et. al., 2004]. One of the conclusions of this study
was that a longer cooling period for SNF alters the transmutation path of Pu-241 in particular.
If the Pu-241 is allowed to decay to Am-241, then with subsequent irradiation and decay, a
large portion of it eventually becomes Pu-239. If, on the other hand, the Pu-241 is not
allowed to decay away, then the fraction of it that undergoes radiative capture eventually
becomes Cm-244, which presents a challenge for material handling, as noted earlier. These
two paths are illustrated in Figures 3.1.2 and 3.1.3.
241U 26 242pu .- 243Am .
Fission
244mAm , 244Cm
Figure 3.1.2 - Transmutation Path for the Irradiation of Pu-241
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Figure 3.1.3 - Transmutation Path for the Irradiation of Am-241
Therefore, in order to maximize the net TRU destruction rate in the CONFU-B design, it
is important to choose a cooling time that strikes the right balance between material handling
difficulty, and fissile content.
3.2 Recycling Strategies
As stated earlier, this work uses the separation efficiency of the UREX+ process to make
the TRU vector for loading into FFF in CONFU-B assemblies. Thus, the UREX+ process
offers some options for managing the TRU from spent fuel. The TRU from a given assembly
can be reprocessed all together for the next cycle, or the Np/Pu can be partitioned from the
Am/Cm and the two streams handled separately. For example, in this version of the UREX
process under AFCI, the Np/Pu is recycled as MOX, and the Am/Cm is put into storage for
later use in a fast reactor. For this study, we will fully recycle the TRU in our CONFU-B
assembly. We will examine three different recycling strategies, all based on the UREX+
process, for managing the multi-recycled TRU. These three strategies are:
1. Base case cooling strategy: In this strategy, spent fuel is allowed to cool for 6-years,
including reprocessing and fabrication time. The full TRU vector (Np/Pu/Am/Cm/and
higher actinides) is separated from the previous cycle's U0 2 pins and reprocessed
from the FFF pins. This then becomes the TRU vector that is loaded into the next
cycle's FFF pins.
2. Extended cooling strategy: In this strategy, spent fuel is allowed to cool for 16.5-
years, including reprocessing and fabrication time. Again, the full TRU vector
(Np/Pu/Am/Cm/and higher actinides) is separated from the previous cycle's U0 2 pins
and reprocessed from the FFF pins. This then becomes the TRU vector that is loaded
into the next cycle's FFF pins.
3. Remix strategy: In this strategy, spent fuel is allowed to cool for 6-years, including
reprocessing and fabrication time. However, this time, the Am/Cm is separated from
the TRU for additional cooling. The rest of the TRU vector is loaded into the next
cycle's FFF pins. When the Am/Cm has been allowed to cool for an additional 10.5-
years (for a total cooling time of 16.5-years), it is then remixed into the next cycle's
TRU for loading into the FFF pins.
3.2.1 Comparison of recycling strategies TRU management
All three recycling strategies were managed to achieve approximately 1350 EFPD burnup
per assembly. For each cycle, the TRU in the FFF pins comes from the previous cycles UO2
and FFF pins. Since the CONFU-B is a net TRU burner, the total mass of TRU recovered
from one recycle is scaled up (mass increased, isotopic weight percents held constant) to
make sufficient TRU for the next recycle. Again, as the TRU vector degraded with each
recycle, the TRU load was increased to a maximum of 20 vol% and the U0 2 enrichment was
raised to a maximum of 5.0 wt% (See Figure 3.2.1 and 3.2.2).
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Figure 3.2.1 - UO2 enrichment required per cycle
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Figure 3.2.2 - TRU loading per cycle
The cycle lengths achieved for each strategy are listed in Figure 3.2.3.
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Figure 3.2.3 - EFPD per cycle
Once the limits on uranium enrichment and TRU loading were reached, the number of
FFF pins per assembly was reduced and the number of U0 2 pins increased in order to
maintain the desired cycle length. Note that the EFPD per cycle comes to pseudo-equilibrium
by recycle 07. The initial fluctuations are largely due to balancing a discrete number of FFF
pins per assembly, along with the TRU loading and U0 2 enrichment as the TRU vector
degrades.
As stated earlier, the TRU vector is somewhat replenished with each recycle due to the
"fresh" TRU that come from the previous cycles U0 2 pins. As a result, many of the isotopes
come to equilibrium within a few recycles, and so the performance of the assembly in terms
of cycle length and TRU burning also comes to equilibrium. This effect can be seen in the
fact that the number of FFF pins loaded per assembly, along with the TRU loading per pin,
and the UO2 enrichment required, all come to equilibrium by recycle 05. The EFPD per
recycle comes to equilibrium by cycle 07. The number of FFF pins that can be loaded per
assembly is shown in Figure 3.2.4.
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Figure 3.2.4 - FFF pins per assembly per cycle
Once the desired cycle length has been achieved, it is important to ensure that the BOL
pin power peaking is reasonable. For this study, we used 1.25 as the maximum acceptable pin
power peak. This limit was validated by a whole core thermal-hydraualic analysis (see
Chapters 5 and 6 for details). If this limit was exceeded, then the assembly was reassessed for
TRU loading and UO2 enrichment. In addition, different pin arrangements were used. See
Appendix B for a listing of the different pin arrangements used.
After satisfying the assembly pin power peaking limit, we can look at how efficiently the
assembly designs manage TRU. Again, the goal is to have more TRU consumed in the FFF
pins than is generated by the UO 2 pins, so the assembly attains a net TRU destruction with
each recycle. This in fact is accomplished for each of the recycling schemes assessed.
Some important correlations are noted. First, fresh TRU is much more easily fissioned in
a thermal spectrum than is TRU that has been multirecycled. As the fissile content is
degraded, the fertile species are much harder to transmute. Additionally, the fissile species
for higher actinides have much smaller fission-to-capture ratios than do isotopes such as Pu-
239.
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Additionally, the number of FFF pins loaded per assembly is strongly correlated with the
level of net TRU destruction. Again, the number of FFF pins loaded depends on the available
fissile content in the TRU that is loaded. The results of TRU destruction are shown in Figures
3.2.5 and 3.2.6.
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Figure 3.2.5 - Net TRU destruction per cycle
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Figure 3.2.6 - Net TRU destruction as a percent of TRU loaded per assembly, per cycle
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Each strategy achieves a net TRU destruction with each cycle. The cycle that is most
efficient at burning TRU is the Base Case strategy, followed by the Remix strategy. The
worst is the Extended cooling strategy. Again, this is primarily due to the loss of Pu-241
during the extended cooling. The Pu-241 decayed in the extra 10.5-years of cooling
represents approximately 0.1 wt% of the fissile content of heavy metal in the TRU. However,
based on this reasoning, one would expect the Remix strategy to achieve the same TRU
destruction as the Base case cooling, since both cool the Pu vector for the same timeframe.
But since the Remix strategy doesn't allow as many FFF pins to be loaded as the Base case
cooling, the Remix TRU destruction rate is lower.
The main reason that the Remix strategy allows fewer FFF pins than the Base Case
strategy is due to the amount of Pu-242 that each strategy accumulates. Pu-242 is fertile, and
becomes Pu-243 after neutron capture. While Pu-243 is fissile, its half-life is so short (TI/2 =
4.956 hr) that it is much more likely to decay to Am-243 than to fission or capture. Am-243
is fertile, and becomes Am-244 by capture. Again, the half life of fissile Am-244 is very
short (T1/2 = 10.1 hr) and it decays to Cm-244. Cm-244 is again fertile, and becomes Cm-245
by capture, which is a long-lived fissile isotope. Thus, Pu-242 acts as an effective neutron
poison. Since the Remix strategy accumulates 20-30% more Pu-242 than the Base Case
strategy, the Remix strategy allows fewer FFF pins to be loaded. Pu-242 takes a few recycles
to accumulate in sufficient quantities for this effect to become important, and so the Remix
strategy allows for as many or more FFF pins per assembly until recycle 5.
The other key metric for comparison is the Am/Cm accumulation of each strategy. For
this metric, we find that the Extended cooling strategy has the least accumulation, followed by
the Remix strategy, while the Base Case cooling has the largest accumulation. This
comparison is based on the Am/Cm present in the assembly at the time that it is initially
reprocessed. In other words, after 6- years of cooling for the Base Case cooling and Remix
strategies, and after 16.5 years of cooling for the Extended Cooling strategy. This is a good
representation of the level of material handling difficulty (as well as the cost) when the fuel is
reprocessed. The mass in "Remix Storage" shown below is the amount that was removed at
the end of cycle "n" and is remixed back into the TRU for cycle "n+2." The amounts of Am
and Cm accumulated at the end of the specified cooling period after discharge are shown in
Figures 3.2.7 and 3.2.8.
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Figure 3.2.8 - Cm accumulated at the point of recycling per cycle
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Figure 3.2.7 - Am accumulated at the point of recycling per cycle
-,- 6-year
- - 16.5-year
---- Remix
-X- Remix Storage
M<
1.5
1
0.5
~jb~t~t~
I
-
-1 L
"l
One can see that Am reaches an equilibrium level of about 2 kg per assembly after recycle
05, but that Cm continues to accumulate for all the recycling strategies. The total dose and
heat generation due to this Cm accumulation is discussed in Chapter 9, Proliferation Risk.
Again, the Remix strategy has slightly more Cm accumulation than the Extended cooling
strategy, even though both cool the Am/Cm vector for the same time. This is primarily due to
the fact that the Remix strategy allows for more FFF pins to be loaded, and hence there is
more TRU irradiated, and therefore a slightly higher rate of accumulation of Cm. Another,
more subtle reason, is that the Extended cooling strategy decays Pu-241 to Am-241, which
puts it on the path that restricts higher actinide accumulation described in the Oak Ridge Lab
study that examined the impact of 30-year cooling prior to reprocessing.
The full details of the mass flows and the isotopic compositions for the three CONFU-B
strategies described in this chapter are included in Appendix B of this report. A brief
summary of the strategies is given in Table 3.2.I.
Table 3.2.1 - Summary of three recycling strategies
Base Case Extended Cooling Remix
FFF pins at equilibrium 68 48 60
Net TRU destruction at equilibrium 2.1 0.33 1.2
(kg/assy)
% TRU destruction at equilibrium 8.4% 1.5% 5.2%
Am accumulation at equilibrium (kg/assy) 2.0 2.0 1.8
Cm accumulation at recycle 09 discharge 2.5 0.9 1.4
+cooling (kg/assy)
Peaking Factor 1.163 1.184 1.160
3.2.3 Reactivity coefficients
There are several control parameters worth comparing among these three recycling
strategies that impact on normal operations and govern the behavior of reactor transients.
These are the Doppler Coefficient (DC), Moderator Temperature Coefficient (MTC), Void
Coefficient (VC), Boron Worth (BW), and effective delayed neutron fraction (peff).
Calculations of these parameters were made using CASMO4 assembly level calculations.
The results are shown in Table 3.2.II.
Table 3.2.11 - Comparison of Core Control Parameters for Three CONFU-B Recycling
Strategies, 1000 ppm boron @ BOL, 0 ppm @ EOL.
All-U 6-yr cooling 16.5-yr cooling Remix
(4.2 w/o) CONFU-B CONFU-B CONFU-B
Recycle # n/a 1 3 9 3 9 3 9
DC BOL -2.14 -1.74 -1.83 -1.93 -2.00 -2.02 -1.82 -1.96
(pcm/K) EOL -2.87 -2.23 -2.27 -2.44 -2.42 -2.44 -2.29 -2.44
MTC BOL -8.21 -14.0 -17.6 -22.0 -21.6 -21.2 -16.0 -20.9
(pcm/K) EOL -53.8 -50.9 -52.4 -58.1 -55.9 -55.8 -52.9 -57.3
VC BOL -34.6 -49.2 -58.7 -73.2 -71.5 -70.6 -54.6 -70.3
(pcm/%) EOL -197 -184 -175 -194 -187 -186 -178 -191
BW BOL -6.21 -4.95 -4.47 -4.54 -4.71 -4.74 -4.39 -4.59
(pcm/ppm) EOL -9.23 -8.15 -5.95 -6.41 -6.16 -6.42 -6.03 -6.49
peff BOL 7.19 5.65 5.83 5.82 6.09 6.14 5.89 6.01
(x10 3) EOL 4.71 4.51 4.38 4.43 4.58 4.63 4.48 4.56
All calculations were made with a boron concentration of 1000 ppm at BOL and 0 ppm at
EOL. The results for an all-U0 2 assembly are also shown for comparison. The reader should
also note that since all three CONFU-B recycling strategies use the same initial TRU loading
for recycle 1, as well as the same core irradiation time (4.5-years), the coefficients for all three
strategies are the same for recycle 1. Note that burnable poison is neglected here, but it is
expected to improve the reactivity coefficients since a lower boron concentration would be
required at BOL.
The presence of Pu and other MA in the CONFU-B assemblies, as well as the reduced
amount of U-238, have some predictable effects. The Doppler coefficient is reduced in the
CONFU-B assemblies due to the reduced U-238 content, and the boron worth and peff are
also less due to the presence of Pu and MA. It is also important to note, that as the TRU is
multirecycled, the DC and BW for CONFU-B assemblies move closer to the all-UO2
assembly. This is primarily due to the reduced number of IMF pins loaded in later recycles.
The MTC and VC values for CONFU-B are both comparable to the values for the all-U0 2
assembly, and actually become slightly better with multirecycling. However, the actual boron
concentration at BOL in all these assemblies would be higher than 1000 ppm. Thus, an
additional calculation of the reactivity coefficients will be made near the critical boron
concentration (CBC) for each assembly.
The CBC is the boron concentration required to make the core exactly critical at BOL
after Xe and other FP poisons have reached their equilibrium values. It can be estimated from
an assembly level calculation by the following method. Since we are using 3-batch
management and assuming linear reactivity, we can estimate the total reactivity of the core by
averaging the assembly reactivity at three burnup points:
* 0.1 MWd/kg (accounts for FP poisons)
* 1/3 ofBd
* 2/3ofBd
The average of these three gives an estimate of the total excess reactivity in the core at
BOL. (Note that a full core analysis, with the number of each type of assembly and their
position in the core would be necessary for a more exact answer, along with the amount of
burnable poisons in the fresh assemblies.) Then, we can calculate the amount of boron
required to exactly suppress this excess reactivity to obtain the estimated CBC. The CBC
calculated by this method varies from recycle to recycle, and differs among the CONFU-B
strategies, but is generally 1,700 to 2,000 ppm. To be conservative, all CONFU-B reactivity
coefficients will be calculated at 2,000 ppm at BOL. For an all UO2 assembly, the CBC is on
the order of 1400 ppm. Again, since we are not accounting for burnable poisons, these are
likely to be conservative values for CBC. The results of the reactivity coefficients calculated
at CBC at BOL and zero ppm at EOL are given in Table 3.2.III.
Table 3.2.III - Comparison of Core Control Parameters for Three CO
Strategies, CBC @ BOL, 0 ppm @ EOL.
NFU-B Recycling
All-U 6-yr cooling 16.5-yr cooling Remix
(4.2%) CONFU-B CONFU-B CONFU-B
Recycle # n/a 1 3 9 3 9 3 9
DC BOL -2.3 -1.81 -1.90 -2.02 -2.09 -2.12 -1.89 -2.05
(pcm/K) EOL -2.9 -2.22 -2.27 -2.19 -2.39 -2.44 -2.30 -2.43
MTC BOL -1.1 -0.30 -1.68 -6.19 -5.34 -5.10 -0.47 -7.14
(pcm/K) EOL -54.2 -50.8 -52.4 -58.3 -55.9 -55.8 -52.9 -57.1
VC BOL -15 -6.23 -15.3 -30.5 -27.2 -27.0 -12.0 -27.5
(pcm/%) EOL -196 -184 -175 -194 -187 -186 -178 -191
BW BOL -4.3 -4.82 -4.33 -4.43 -4.59 -4.63 -4.25 -4.48
(pcm/ppm) EOL -6.2 -7.93 -5.78 -6.25 -6.01 -6.25 -5.86 -6.32
peff BOL 7.2 5.65 5.83 5.82 6.09 6.14 5.89 6.01
(x10 3) EOL 4.7 4.51 4.38 4.43 4.58 4.63 4.48 4.56
Note that the MTC and VC at BOL in these results are reduced due to the higher
concentration of boron at BOL. In fact, cycles 1 and 3 for the 6-yr cooling and Remix
strategies have MTCs that are quite low. These assemblies have a CBC closer to the 1,700
ppm level, and so the 2,000 ppm used in these calculations strongly reduces those coefficients
at BOL. Overall the response of a CONFU-B assembly to transients should be fairly
consistent with current experience with all-UO2 assemblies. For a more complete analysis of
CONFU-B accident response, the reader is directed to Chapter 8, Safety Assessment.
3.3 Chapter Summary
In this chapter, three main recycling strategies were assessed for CONFU-B assemblies:
* Base Case Cooling (6-yr),
* Extended Cooling (16.5-yr), and
* Remix (6-yr for Pu/Np, 16.5-yr for Am/Cm).
In choosing a strategy, a key consideration was preserving the fissile content of the TRU
vector, and hence the amount of TRU that could be loaded. This was the primary determinant
of the amount of TRU the assembly could transmute. In addition, Am and Cm build up had to
be minimized, as these isotopes have a significant impact on fuel handling difficulty, which
directly relates to the cost of reprocessing.
Of these three strategies, the Remix strategy appears to offer the best balance of TRU
destruction and material handling difficulty. All three strategies provide core control
characteristics comparable to an all-U0 2 assembly. In the next chapter, the performance of
CONFU-B with Remix strategy will be compared to other thermal multi-recycling concepts.

Chapter 4 - Comparison of multi-recycling strategies in PWRs
In this chapter, we compare three important assembly designs for multirecycling TRU in
PWRs. All are based on a geometry similar to the standard 17x17 Westinghouse PWR
assembly geometry, presented in Chapter 1. They are MOX with Enriched Uranium (MOX-
UE) [Youinou, 2003], the Combustible Recyclage a Ilot (CORAIL) [Vasile, et. al., 2003], and
the Combined Non-Fertile and UO2 (CONFU). All three cycles are evaluated using a 3-batch
18-month cycle. These three strategies are summarized in Table 4.I. The values listed in the
table are for the equilibrium recycle as reported in [Youinou, et. al., 2003] for MOX-UE,
[Taiwo, et. al., 2004] for CORAIL-Pu and CORAIL-TRU, and CONFU-B from the current
calculations.
Table 4.I - Strategies for Multirecycling TRU in PWRs, Equilibrium Recycle
MOX-UE CORAIL-Pu CORAIL-TRU CONFU-B
[Youinou, et. al., [Taiwo, et. al., [Taiwo, et. al.,
2003] 2004] 2004]
TRU Recycled Pu Pu TRU TRU
TRU host MOX MOX MOX IMF
matrix
Assembly type All-MOX MOX and U0 2  MOX and UO2 IMF and UO2
Cooling time 7-yr 7-yr 7-yr Remix, 6/16.5-yr
Max UO2  3.0 in MOX 4.62 in UO2 5.12 in UO2  5.0 in UO2
enrichment
(wt%)
Max TRU 12.0 wt % 8.45 wt % 20.20 wt % 20 vol %
loading
Net TRU per -9.8 +1.8 +0.3 -1.2
assembly (kg)*
Net TRU -46.0 +8.5 +1.4 -6.4
(kg/TWhe)
Net TRU per -17.9 % +12.1% +1.0 % -5.5 %
assembly (% of
TRU loaded)
*An assembly resides in the core tor
discharged)-(TRU loaded)
3 cycles of 18-months duration, (Net TRU) = (TRU
Note that although MOX-UE and CORAIL-Pu only recycle plutonium, they both still
generate minor actinides, and the masses of the MA are included in the "Net TRU" categories
in Table 4.1 along with the Pu. In other words, for those two cycles, (Net TRU) = (Pu+MA
discharged) - (Pu loaded).
4.1 MOX-UE Performance
Cycle Description
MOX-UE is a CEA concept in which Pu is multirecycled in all-MOX assemblies. When
the MOX fuel is discharged, it is allowed to cool for 5-years, and the Pu is extracted. This Pu
decays for an additional 2-years as the material is fabricated into new MOX fuel for the next
recycle. Thus, there is a small amount of Am-241 that comes from the decay of Pu-241
during the fabrication time. Table 4.1.1 shows the Pu vector used in the CEA calculations.
This corresponds to the average composition of Pu available in France around 2015. The
values in the table are for when the MOX fuel begins irradiation in a reactor (i.e. after the 5-
year cooling and 2-year fabrication).
Table 4.1.I - Weight % of Pu isotopes from Spent U0 2 Fuel after 5-year Cooling and
2-yr Reprocessing and Fabrication. [Youinou, et. al., 2003]
Pu-238 Pu-239 Pu-240 Pu-241 Pu-242 Am-241 Pu-Fissile
2.7 56.0 25.9 7.4 7.3 0.7 63.4
As the Pu is irradiated, it is transmuted by fission and neutron capture. After sufficient
captures, the Pu transmutes into the minor actinide Am, and eventually to Cm and higher.
The fissionable Pu mass is depleted faster than it is replaced by neutron capture in U-238.
Thus, when the Pu is recycled for the second and subsequent MOX-UE batches, there is less
fissionable Pu mass in a discharged assembly than is needed for loading into the next
assembly. The additional mass required for the next MOX load comes from spent U0 2, i.e.,
the same isotopic composition listed in Table 4.1.1. Thus, with each recycle, the
multirecycled Pu is mixed with "fresh" Pu.
Even with this addition of fresh Pu, the overall fissile content of the Pu degrades with each
recycle. To compensate for this degradation, the Pu load is increased and the uranium in the
MOX matrix is enriched to sustain the cycle length. The Pu load and UO2 enrichment reach
their equilibrium values at recycle number 7. The UO2 enrichment and Pu loadings are given
in Table 4.1.11.
Note that the upper limit for Pu is set at 12 wt%. This is due to the fact that all the
isotopes of Pu, including the even isotopes, can fission if the neutron spectrum is hardened
sufficiently. If the increase in void % is small enough, then the void coefficient is negative as
was shown in Chapter 3. However, if the core is fully voided, then the spectrum will harden
significantly, and the reactivity will increase. This can result in a positive void coefficient for
a fully voided core for Pu loadings above 12 wt%.
Table 4.1.11 - Pu Loading, Fissile Quality, and U0 2 Enrichment for MOX-UE
Recycles. [Youinou, et. al., 2003]
Recycle # 1 2 3 4 5 6 7
Pu Load (wt% of MOX) 9.3 12.0 12.0 12.0 12.0 12.0 12.0
Fissile Pu (% of Pu) 64 55 50 47 45 44 44
U0 2 Enrichment (wt% of MOX) 0.25 0.550 1.8 2.3 2.7 2.9 3.0
Fuel Reprocessing for MOX-UE
The MOX-UE strategy uses the PUREX process for Pu separation. This is the current
industry practice in France and other countries. In this process, the spent fuel (either U0 2 or
MOX) is allowed to cool for a specified period. After cooling, the fuel assemblies are put
through a mechanical chopper, and the fuel is dissolved in aqueous nitric acid. The heavy
elements go into solution, leaving behind the cladding. The nitric acid solution, which
contains the uranium and plutonium, is processed through a solvent extraction that separates
fission products and TRU from the plutonium and uranium. In this process, uranium and
plutonium are transferred to an organic phase by intensive mixing with an organic solvent
extraction - 30 percent tributyl phosphate (TBP) in kerosene is used as organic solvent - while
the fission products remain in the aqueous nitric phase. After that, uranium and plutonium are
separated by using a chemical that reduces plutonium to an organic-insoluble state, while
leaving the uranium dissolved in the TBP [European Nuclear Society, 2006], [Cochran and
Tsoulfanidis, 1999]. The fact that this process results in a separated plutonium stream led the
United States to consider it a proliferation risk and forego recycling of commercial SNF and
instead pursue a once-through cycle for spent fuel management.
TRU Management
MOX fueled European reactors operating today are loaded with approximately 30% MOX
assemblies and 70% standard U0 2 assemblies. Since the U0 2 assemblies generate Pu while
the recycled Pu is being consumed in the MOX assemblies, the net TRU balance for MOX
reactor cores is currently positive. Specifically, an all-U0 2 assembly burned to 50 MWd/kg
generates Pu at a rate of 26 kg/TWhe and Am+Cm at a rate of 1.9 kg/TWhe [Youinou, et. al.,
2003]. Thus, averaged over the core, a current 1000 MWe reactor operating at 90% capacity
has a net TRU balance of 0.52 kg/assembly (2.43 kg/TWhe).
The MOX-UE analysis performed by CEA assumed the use of a 100% MOX core in a
European Pressurized Water Reactor (EPR). The EPR design allows for a full MOX core,
and hence represents a significant advantage in TRU management by itself. The results given
in Table 4.1.111 below reflect this advantage. The data in the table come from [Youinou, et.
al., 2003].
Table 4.1.III - MOX and MOX-UE TRU Management Results [Youinou, et. al., 2003]
Reactor MOX MOX-UE (Recycle 1) MOX-UE (Recycle 7)
# of recycles Monorecycle Multirecycle Multirecycle
Core loading 30% MOX 100% MOX-UE 100% MOX-UE
Core average net Pu -2.8 -70 -67
(kg/TWhe)
Core average net +5.2 +13 +21
Am+Cm (kg/TWhe)
Core average net +2.4 -57 -46
TRU (kg/TWhe)
U0 2 enrichment in 0.25 0.25 3.0
MOX pins
MOX-UE Core Control Parameters
Because the presence of Pu in MOX hardens the spectrum, the critical boron
concentration is more than 1900 ppm for 12 wt% Pu in MOX [Youinou, et. al., 2005]. To be
conservative, a natural boron concentration of 2000 ppm is used at the beginning of each
recycle for the calculations of MOX-UE reactivity coefficients. For comparison, the critical
boron concentration is approximately 1400 ppm for an all-U0 2 assembly [Youinou, et. al.,
2005]. The results presented in Table 4.1.IV are from assembly level CASMO calculations.
Published CEA data [Youinou, et. al., 2005] for MOX-UE that were calculated using
APOLLO2.2 are presented for comparison.
Table 4.1.IV -MOX-UE Reactivity Coefficients and Control
DC (pcm/K) BOL
EOL
MTC BOL
(pcm/K) EOL
VC (pcm/%) BOL
EOL
BW BOL
(pcm/ppm) EOL
peff(xl0 3) BOL
EOL
a Data from
b Data from
c Data from
All U0 2a
-2.3
-2.9
-1.1
-54
-15
-196
-4.3
-6.2
7.2
4.7
Recycle lb
-2.8
-3.0
-23
-63
-76
-199
-2.4
-3.5
3.5
4.0
MOX-UE
Recycle 7b
-2.8
-3.0
-16
-53
-51
-161
-1.9
-2.7
4.2
4.3
CASMO, 1400 ppm boron concentration @ BOL
CASMO, 2000 ppm boron concentration @BOL
[Youinou, et. al., 2005]
CEA Resultsc
-3
-3
-20
-50
n/a
n/a
-2
-2
n/a
n/a
In general, the reactivity coefficients for MOX-UE are comparable to an all U0 2
assembly. There is a notable difference in the boron worth due to the hardening of the
neutron spectrum due to the higher concentrations of Pu in MOX-UE. This Pu also produces
fewer delayed neutrons per fission, and hence peff is smaller for the MOX-UE assembly.
However, it is comparable to the EOL peff for an all U0 2 assembly when the fission of Pu
converted earlier from U-238 becomes appreciable.
4.2 CORAIL Performance
Cycle Description
CORAIL is another CEA multirecycling concept. In the CORAIL concept, either selected
portions or the entire TRU vector are multirecycled in assemblies made of a heterogeneous
mix of enriched UO2 pins and MOX pins. The MOX pins are placed on the periphery of the
assembly in order to minimize the pin power peaking of the assembly [Kim, et. al., 2002b]. A
CORAIL core is then made of all CORAIL assemblies.
Parameters
When the assembly is discharged, it is allowed to cool for 5-years, and the Pu or TRU are
co-extracted from both the UO2 and the MOX pins. Pu is extracted via PUREX, while the
TRU can be extracted via a modification of the PUREX process. However, it is also entirely
feasible to separate the TRU from both types of pins via the UREX+ process. Doing so
would improve the proliferation resistance of the CORAIL-TRU cycle. This extracted
mixture then decays for an additional 2-years as the material is fabricated into new MOX fuel
for the next recycle. Note that only the UO2 pins have enriched uranium; the MOX pins are
made with depleted uranium.
* UO2 Fuel pin
O Guide tube (25)
* MOX Pin (84)
Figure 4.2.1 - CORAIL Assembly
A report by Argonne National Lab (ANL) investigated various combinations of actinides
for recycle in a CORAIL Assembly. The two cases compared here are for Pu recycle
(CORAIL-Pu) and full TRU recycle (CORAIL-TRU). Table 4.2.I shows the initial (1st
recycle) Pu and TRU vectors used in the ANL calculations. This corresponds to the
composition of spent UO 2 fuel from an ALWR with 99.995% U removed.
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Table 4.2.I -Spent Heavy Metal Composition for ALWR fuel, 4.2 wt% U0 2, 50
MWd/kg Burnup, 10-year Cooling. [Taiwo,, et. al., 2004]
Nuclide
U-234
U-235
U-236
U-238
Np-237
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Am-241
Am-242m
Am-243
Cm-242
Cm-243
Cm-244
Cm-245
Cm-246
Weight Percent by Component
Total HM Pu TRU
0.00007
0.00234
0.00194
0.32462
6.64100 6.663
2.74900 3.184 2.758
48.65200 56.349 48.813
22.98000 26.616 23.056
6.92600 8.022 6.949
5.03300 5.829 5.050
4.65400 4.669
0.01900 0.019
1.47200 1.477
0.00000 0.000
0.00500 0.005
0.49600 0.498
0.03800 0.038
0.00600 0.006
The Pu or TRU mixture from each discharged assembly is used for fabricating the MOX
fuel for the next stage of the multirecycle operation. Each assembly is made with fresh UO2
pins. Even though these U0 2 pins provide "fresh" Pu or TRU with each assembly co-
reprocessing, the overall fissile content of the Pu or TRU degrades with each recycle.
Therefore, the Pu or TRU load is increased in the MOX pins and the enrichment of the U0 2
pins is increased to sustain the cycle length. The Pu load and U0 2 enrichment reach their
equilibrium values after recycle number 7. The UO2 enrichment and MOX loadings are given
in Table 4.2.II.
Table 4.2.11 - TRU Loading and UO2 Enrichment for CORAIL Assemblies.
Recycle # Pu or TRU Load in U0 2 Enrichment
MOX (wt%) (wt%)
1 6.50 4.15
CORAIL-Pu 2 7.30 4.33
[Kim, et. al., 7 8.00 4.57
2002b] Equilibrium [Taiwo, et. al., 8.45 4.62
2004]
CORAIL-TRU 2 7.48 4.85
[Taiwo, et. al., 7 11.39 5.04
2004] Equilibrium 20.20 5.12
TRU Management
In this section, we will first compare Pu recycle in MOX-UE to CORAIL-Pu. A MOX-
UE assembly bums Pu in every pin, while the CORAIL assembly only has 84 MOX pins in
the periphery. This has two impacts. The MOX-UE is more efficient in burning Pu, but also
generates MA at a higher rate than the CORAIL.
The CORAIL assembly requires higher U0 2 enrichment than the MOX-UE, but CORAIL
only has 180 U0 2 pins that require enrichment, while the MOX-UE requires all 264 MOX
pins to be enriched. The two assembly designs have resource and enrichment requirements
given in Table 4.2.111. All calculations in this table assume a tails enrichment of 0.25 wt %
and natural uranium feed.
Table 4.2.111 - Resource and SWU Requirements for MOX-UE and CORAIL-Pu
Assembly MOX-UE CORAIL-Pu
U mass per assembly (kg) 399.5 306.5
Enrichment (wt%) 3.0 4.62
Feed Required (kg) 2,383 2,906
SWU (kg) 1,522 2,183
There is also an important point to keep in mind on how the Pu is "refreshed" with each
recycle. The CORAIL is loaded with Pu from the previous assembly, with an isotopic mix
from co-reprocessing of the UO 2 and MOX pins. Thus, the discharged Pu mass from one
CORAIL assembly (minus reprocessing losses) satisfies the requirement for Pu mass for the
next CORAIL assembly. This same procedure is used for CORAIL-TRU assemblies. Table
4.2.IV shows the TRU mass at charge and discharge through several recycles.
Table 4.2.IV - TRU masses at Charge and Discharge for CORAIL-TRU [Taiwo, et. al.,
2004]
Cycle # 2 3 4 5 6 7 Equil
TRU Mass Charge 13.1 15.1 16.9 18.6 20.0 21.4 35.7
(kg) Discharge 15.1 17.0 18.7 20.2 21.5 22.8 36.0
The MOX-UE, on the other hand, uses its previously recycled Pu, plus fresh Pu from UO2
pins from a standard LWR to make the mass required for the next cycle's load. This has the
effect of giving MOX-UE assemblies a Pu load with a slightly higher fissile content due to the
introduction of Pu from outside reactors. Overall, the MOX-UE assembly has a better net
TRU destruction rate than does the CORAIL-Pu.
The next comparison is between CORAIL-Pu and CORAIL-TRU. Since Am and Cm are
recycled in the CORAIL-TRU, the Pu vector is diluted, and that assembly needs a higher
TRU loading than does CORAIL-Pu. In addition, CORAIL-TRU also requires a higher UO2
enrichment in order to sustain the same cycle length. Since it is loaded more heavily with
TRU, the CORAIL-TRU is able to achieve a net destruction rate for Am+Cm and has an
overall TRU management rate at equilibrium better than CORAIL-Pu. Table 4.2.V gives the
TRU management results for these assemblies.
Table 4.2.V - CORAIL-Pu and CORAIL-TRU TRU Management Results
Assembly MOX-UE CORAIL-Pu CORAIL-TRU
(Recycle 7)a (Egulibrium)b (Equlibrium)b
Net Pu (kg/Assy) -14.2 +0.5 +0.6
Net Am+Cm +4.4 +1.3 -0.3
(kg/Assy)
Net TRU (kg/Assy) -9.8 +1.8 +0.3
Net Pu (kg/TWhe) -67 +2.4 +2.8
Net Am+Cm +21 +6.1 -1.4
(kg/TWhe)
Net TRU -46 +8.5 +1.4
(kg/TWhe)
Net TRU per -17.9% +12.1% +1.0%
assembly (% of
TRU loaded)
TRU Load in MOX 12 wt% 8.45 wt% 20.20 wt%
U0 2 enrichment 3.0 wt% in 4.62 wt% in U0 2 pins 5.12 wt% in U0 2 pins
MOX pins
aData from [Youinou, et. al., 2003]
bData from [Taiwo, et. al., 2004]
CORAIL Core Control Parameters
Again, to be conservative, the reactivity coefficients were calculated by a CASMO
assembly model with 2000 ppm natural boron concentration at the BOL (Note that the critical
boron concentration for CORAIL-Pu is 1700 ppm [Youinou, et. al., 2005]). The results
presented in Table 4.2.VI are from assembly level CASMO calculations. To calculate the
coefficients for the CORAIL assemblies, the equilibrium Pu or TRU vector from ANL
calculations [Taiwo, et. al., 2004] was used.
Table 4.2.VI - CORAIL Reactivity Coefficients and Control Parameters
DC (pcm/K) BOL
EOL
MTC BOL
(pcm/K) EOL
VC (pcm/%) BOL
EOL
BW BOL
(pcm/ppm) EOL
peff(x10 3) BOL
EOL
All UO 2 a
-2.3
-2.9
-1.1
-54
-15
-196
-4.3
-6.2
7.2
4.7
MOX-UEb
-2.8
-3.0
-16
-53
-51
-161
-1.9
-2.7
4.2
4.3
a Data from CASMO, 1400 ppm boron concentration
b Data from CASMO, 2000 ppm boron concentration
CORAIL-Pub
Equilibrium
-2.4
-4.4
-16
-66
-25
-211
-5.3
-4.2
6.0
4.4
CORAIL-TRUb
-2.4
-4.3
-18
-45
-33
-183
-4.9
-2.7
5.7
4.3
@ BOL
@BOL
In general, the reactivity coefficients for CORAIL are comparable to an all U0 2 assembly.
Again, since there are only 84 MOX pins in a CORAIL assembly, these assemblies are closer
to the UO2 performance at BOL than are MOX-UE assemblies.
4.3 CONFU Results
Cycle Description
The CONFU-B assembly design utilizes multi-recycling to minimize the amount of TRU
sent to the repository. In addition, the design tries to maximize the net TRU destruction, so as
to reduce the current TRU inventory from SNF. As stated earlier, the Remix strategy allows
for 6-year cooling for the Pu/Np prortion of the TRU vector, and a total of 16.5-years cooling
for the Am/Cm portion of the vector. The TRU vector is "refreshed" with TRU from the UO2
pins in the assembly when the U0 2 and IMF pins are co-reprocessed after the assembly is
discharged. The initial TRU vector for CONFU is the same isotopic composition as the initial
TRU vector for CORAIL (see Table 4.2.1).
Recycle 7 Equilibrium
Since the CONFU-B achieves a net TRU destruction with each recycle, the additional
TRU mass needed for the next recycle comes from a "renormalization" of the TRU mass. In
other words, the isotopic composition of the TRU is held constant, while its total mass is
increased to satisfy the required mass for the next recycle.
As the TRU degrades with multi-recycling, the loading of the IMF pins is increased, and
the enrichment of the UO 2 pins is increased. When the TRU load reaches a maximum of 20
vol% and the UO2 enrichment a maximum of 5.0 wt%, then the only way to sustain the cycle
length is to reduce the number of IMF pins. This effectively replaces the TRU in an IMF pin
with a U0 2 pin with 5.0 wt % enrichment. The change in the number of pins with later
recycles is unique to the CONFU-B design. These parameters are listed in Table 4.3.1 for the
CONFU-B, Remix strategy.
Table 4.3.I -CONFU-B, Remix, TRU Loading and Enrichment
Recycle 1 2 3 4 5 6 7 8 9
# FFF pins 84 84 84 68 60 60 60 60 60
TRU Load (kg/Assy) 15.4 20.0 30.8 24.9 22.0 22.0 22.0 22.0 22.0
TRU Load (vol%) 10 13 20 20 20 20 20 20 20
UO2 enrichment (wt%) 4.2 4.5 5.0 5.0 5.0 5.0 5.0 5.0 5.0
In addition, the degradation of the TRU vector relieves some of the assembly pin power
peaking challenges present in heterogeneous assembly designs. Thus, as the number of pins
is reduced, there is greater flexibility in where the pins can be located in the assembly while
still keeping power peaking within acceptable limits. Moving some IMF pins from the
perimeter to the center of the assembly allows us to maximize TRU destruction while
retaining the necessary cycle length. Pin arrangements for all Remix cycles are shown in
Figures 4.3.1 through 4.3.3. The pin arrangements for the 6-yr and 16.5-yr cooling CONFU-
B strategies are given in Appendix B.
• U0 2 Fuel pin
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Figure 4.3.1 - CONFU-B Remix Assembly, Recycle 1-3 (84 IMF Pins)
* UO2Fuel pin
O Guide tube
* TRU IMF Pin
Figure 4.3.2 - CONFU-B Remix Assembly, Recycle 4 (68 IMF Pins)
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Figure 4.3.3 - CONFU-B Remix Assembly, Recycle 5-9 (60 IMF Pins)
When one of the IMF pins is the location of the assembly pin power peak, then that is an
indication that the TRU burning for the assembly is optimized. However, if the pin peaking is
too high, then thermal margins are compromised. There are several general rules of thumb
used in choosing the placement of the TRU IMF pins in a CONFU-B assembly. An IMF pin
will be generally hotter if it is:
* Next to a UO2 pin
* Next to a guide tube
* Close to the center of the assembly
* "Fresher", i.e. has been through fewer recycles.
An IMF pin will be cooler if it is next to another IMF pin, or near the edge of the
assembly. These rules are only guidelines. The true metric is the MDNBR for the assembly
in the hottest portion of the core. For more details on this subject, see Chapters 5 and 6.
TRU Management
CONFU-B and CORAIL assemblies begin the first recycle with the same number and
arrangement of TRU loaded pins. A key difference in CONFU-B assemblies and CORAIL
assemblies is the use of IMF vs mixed-oxide matrices for burning TRU. Since a portion of
* U0 2 Fuel pin
O Guide tube
* TRU IMF Pin
the U-238 in a CORAIL assembly is replaced with inert matrix, one would expect that a
CONFU-B assembly will generate less TRU. This is, in fact, the case as can be seen in Table
4.3.II.
The CONFU-B results shown in the table are from the Remix strategy. CONFU-E results
are also included for comparison [Shawageraus, et. al., 2003]. A key advantage of the
CONFU-B design over the previous CONFU-E design is that the CONFU-B has more IMF
pins, and hence has a greater TRU loading and destruction rate. This is possible due to the
shorter (6-year) cooling time for the Pu/Np vector used by CONFU-B. The shorter cooling
time leaves more fissile Pu-241 in the TRU, which allows heavier TRU loading while still
maintaining the required cycle length.
Table 4.3.11 -TRU Management Results for CORAIL and CONFU
Assembly CORAIL-TRU CONFU-B CONFU-E
(Recycle 1)" (Equil)a (Recycle 1) (Equil) (Equil)b
# TRU pins per 84 84 84 60 48
assembly
Net Pu (kg/Assy) +1.5 +0.6 -2.8 -0.5
Net Am+Cm +0.1 -0.3 -0.8 -0.7
(kg/Assy)
Net TRU (kg/Assy)* +1.6 +0.3 -3.6 -1.2 -0.1
Net Pu (kg/TWhe)* +7.1 +2.8 -14.8 -2.6
Net Am+Cm +0.5 -1.4 -4.2 -3.7
(kg/TWhe)*
Net TRU (kg/TWhe)* +7.6 +1.4 -19.0 -6.3 -0.5
Net TRU per +12.1% +1.0% -23.4% -5.5% -0.6%
assembly (% of TRU
loaded)*
TRU Load in MOX 9.0 wt% 20.20 wt% 10 vol % 20 vol% 20 vol%
UO 2 pin enrichment 4.5 wt% 5.12 wt% 4.2 wt% 5.0 wt% 5.0 wt%
aData from [Taiwo, et. al., 2004]bData from [Shawageraus, et. al., 2003]
*(Net TRU) = (TRU discharged)-(TRU loaded)
CONFU Core Control Parameters
The non-fissile minor actinides act as resonance absorbers, and since they present
resonances in different energy ranges, they cause less self-shielding than does the more
uniform and more dense U-238 found in UO2 or MOX fuels. Therefore, CORAIL-TRU has a
larger DC than does an all-UO2 assembly. Since the CONFU assembly replaces some U-238
with inert matrix, the DC is less than either the all-UO 2 or MOX assemblies. The reactivity
coefficients and control parameters presented in Table 4.3.111 for CONFU-B are from the
Remix strategy.
Table 4.3.111 - CORAIL-TRU and CONFU-B (Remix)
Control Parameters
Reactivity Coefficients and
DC (pcm/K) BOL
EOL
MTC BOL
(pcm/K) EOL
VC (pcm/%) BOL
EOL
BW BOL
(pcm/ppm) EOL
peff(x10 3) BOL
EOL
a Data from CASMO, 1400
b Data from CASMO, 2000
All UO 2a
-2.3
-2.9
-1.1
-54
-15
-196
-4.3
-6.2
7.2
4.7
CORAIL-TRUb
-2.4
-4.3
-18
-45
-33
-183
-4.9
-2.7
5.7
4.3
CONFU-Bb
Equilibrium
-2.1
-2.4
-7.2
-57
-28
-191
-4.5
-6.3
6.0
4.6
ppm boron concentration @ BOL
ppm boron concentration @BOL
4.4 Chapter Summary
Figure 4.4.1 shows the TRU management performance of the
discussed, MOX-UE, CORAIL-Pu, CORAIL-TRU, and CONFU-B.
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Figure 4.4.1 - Assembly TRU management performance
The total mass of TRU loaded (number of pins and wt% or vol%) strongly correlates with
how much TRU is transmuted. Additionally, the isotopic mix of the TRU loaded has an
impact on how much TRU is transmuted. In general, Pu is easier to transmute than are the
minor actinides, because Pu isotopes tend to have higher fission-to-absorption cross section
ratios than do the MAs. Since MOX-UE assemblies load the most TRU of all four assembly
designs (every pin carries Pu) and they also are loaded with the easiest TRU to transmute
(Pu), these assemblies are very efficient at burning the Pu they are loaded with. On the other
hand, since MOX-UE assemblies are loaded with almost no MA, they have the highest MA
production rate. Table 4.4.1 summarizes the important parameters for the four assembly
designs.
Actinide group assessed
Table 4.4.1 - MOX-UE, CORAIL and CONFU TRU Management Results
Assembly MOX-UE CORAIL-Pu CORAIL-TRU CONFU-B
(Recycle 7)a (Equlibrium)b (Equlibrium)b  (Equilibrium)
U0 2 enrichment 3.0 wt% in 4.62 wt% in 5.12 wt% in 5.0 wt% in
MOX pins U0 2 pins UO2 pins UO 2 pins
TRU Loading 12 wt% 8.45 wt% 20.20 wt% 20 vol%
TRU loaded per 54.5 14.9 35.7 22.0
assembly (kg)
Net Pu -14.2 +0.5 +0.6 -0.5
(kg/Assy)*
Net Am+Cm +4.4 +1.3 -0.3 -0.7
(kg/Assy)*
Net TRU -9.8 +1.8 +0.3 -1.2
(kg/Assy)*
Net Pu -67 +2.4 +2.8 -2.6
(kg/TWhe)*
Net Am+Cm +21 +6.1 -1.4 -3.7
(kg/TWhe)*
Net TRU -46 +8.5 +1.4 -6.3
(kg/TWhe)*
Net TRU per -17.9% +12.1% +1.0% -5.5%
assembly (% of
TRU loaded)*
aData from [Youinou, et. al., 2003]
bData from [Taiwo, et. al., 2004]
*(Net TRU) = (TRU discharged)-(TRU loaded)
Another important parameter that impacts on TRU management is the host matrix. Both
of the CORAIL designs use MOX fuel. The U0 2 pins in these assemblies generate Pu while
the MOX pins deplete it, but as a result, they are net Pu generators. However, the amount of
Pu they generate is very small, and in fact, this Pu is continuously recycled, so it never needs
to be sent to a repository. The main reason this does not occur in MOX-UE assemblies is that
the large Pu mass loaded dominates its performance.
These same reasons make the MOX-UE assembly the largest MA generator. The
CORAIL-Pu assembly generates a small amount of MA, and the CORAIL-TRU is a net MA
burner. It is also important to note that the MA generated by the MOX-UE and CORAIL-Pu
would need to be disposed of, either in a geological repository, or in another reactor type.
The CORAIL-TRU is designed to stabilize the TRU inventory it is initially loaded with, so it
sends only fission products and TRU process losses to the repository. Overall, only the
CONFU-B is able to have a net destruction rate for Pu and the MAs, and thus reduces the
current TRU inventory over time.
Chapter 5 - Whole Core Thermal-Hydraulic Analysis
A thermal hydraulic analysis was performed to evaluate the feasibility of cores loaded
with CONFU-B assemblies by comparing their performance with all-U0 2 cores and MOX-
UE and CORAIL multirecycling designs. As was noted in Chapter 4, there are several factors
regarding the location of FFF pins in the CONFU-B assembly that influence the power
peaking of those pins. In general, FFF pins exhibit more fissions than the UO2 pins in the
same assembly. As a result, these FFF pins tend to exhibit relatively high power peaking, and
therefore there is a need to study the effects of this on the Minimum Departure from Nucleate
Boiling Ratio (MDNBR) margin for the core.
5.1 Methodology
The VIRPE-01 sub-channel analysis code [Cuta, et. al., 1985] was used for calculations of
MDNBR. This code is used widely in industry for LWR analysis and is approved by the
NRC for licensing applications. For this work, VIPRE-01 was used to conduct whole-core
calculations of MDNBR for the assembly types noted above. All calculations were made
using newly charged assemblies throughout the core. Since these newly charged assemblies
exhibit the highest assembly pin peaking, this is a conservative approach. In practice, cores
would consist of fresh, once-burned, and twice-burned assemblies at BOL.
The standard Westinghouse design 4-loop PWR core parameters were used for all
calculated cases. The important parameters assumed in the VIPRE-01 model are listed in
Table 5.1.1. All calculations were performed assuming 118% core average power to account
for Condition I and II events. The inlet coolant temperature used was 2 'C higher than
nominal and the total coolant mass flux was reduced by 5% to account for bypass flow and
uncertainty associated with the core wide flow distribution.
L-type grids spaced at 50.8 cm intervals with mixing vanes were used. Typically, a
turbulent mixing coefficient of P = 0.038 is assumed for assemblies with mixing vanes.
However, proprietary data for mixing coefficients can be much higher than that. Since highly
heterogeneous assemblies can have cooler-than-average pins located next to hot pins, better
turbulent mixing can delay the onset of nucleate boiling, and thus improve MDNBR margins.
Therefore, additional calculations with 3 = 0.072 were conducted to assess this effect.
Typically, a radial fuel assembly power peak of 1.587 (hot FA over average FA) is used
for licensing PWR calculations. However, previous work with CONFU-E assemblies used a
radial power peak of 1.47 to calculate MDNBR using VIPRE-01. This radial power peak
value was determined using 3D whole core calculations from SIMULATE, and represents the
maximum radial power peaking factor over the core lifetime [Shwageraus, et. al., 2003]. For
the current work, a radial power peaking factor of 1.50 was assumed.
Table 5.1.1- VIPRE-01 Input Parameters and Correlations
Parameter Specification
Axial Power Profile Chopped Cosine, peak-to-average
ratio=1.55
Reactor Power Overpower at 118% (4025 MWth)
Power Deposited Directly in coolant 2.6%
Core Mass Flux Reduced by 5% (3549 kg/s-m 2)
Core Inlet Temp Increased by 2 oC (294.7 'C)
Lateral Drag Correlation KG = 3.15 Re -0.2
Turbulent mixing model w'= /sG ; P=0.038 or 0.072
Turbulent momentum factor FTM-0
Axial friction correlation for turbulent flow f, = 0.184 Re-0.2
Form loss coefficient for mixing vane grids 0.8
CHF correlation W-3L correlation, L-grid mixing
factor=0.042, grid spacing factor=0.66
Void Correlations Levy for subcooled void, HEM for bulk
boiling and 2-phase friction multiplier
Heat Transfer Correlations Dittus-Boelter for single-phase flow, Thom
correlation plus single-phase correlation for
subcooled and saturated nucleate boiling
100
To analyze cores made up of heterogeneous assemblies like CONFU-B, it is necessary to
model the central (hottest) 1/8 assembly as 45 individual pins and 44 individual channels with
no lumping. Note that in this model, the edge channels are also not lumped. Once outside
this central assembly and its edge channels, one can lump pins and channels as usual. This
model has the advantage of being able to resolve hot channels near the edge of the assembly.
In addition, since the most restrictive MDNBR location may not be near the hottest pin, this
model ensures that the hottest channel is adequately resolved.
For consistency, an all UO2 core was analyzed using an identical approach and modeling.
The performance of the two fuel types was then compared.
Figures 5.2.1 and 5.2.2 show the pin lumping and sub-channel lumping for the 1/8 core
model used. Again, a radial power peak of 1.50 was used as well as a peak of 1.587 for
comparison. In addition, the core was modeled with an axial power distribution given by a
chopped cosine with a peak to average ratio of 1.55.
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Figure 5.1.1 - Pin lumping for hottest 1/8 assembly + nearest ¼ assembly
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Figure 5.1.2 - Pin lumping for 1/8 core
5.2 Assembly pin peaking challenges with heterogeneous designs
Heterogeneous fuel assemblies typically have high assembly pin power peaking. In
CONFU-B assemblies, this is due to the high fission cross sections and high loading of Pu in
the TRU in the FFF pins. In general, CONFU-B assemblies are designed to have the largest
power peaking in the FFF pins, as this aids in TRU destruction performance. These pins
strongly suppress the thermal flux in their immediate vicinity. As a result, the U0 2 pins
(which have lower of and less fissile isotopes than FFF pins) next to the FFF pins cannot
compete for neutrons as effectively as the FFF pins, and these nearby UO2 pins have their
103
power suppressed below the assembly average. However, as the TRU is multirecycled, the
fissile content degrades, and less power is generated in the FFF pins, while the UO2 pins, on
average, see an increase in power. Therefore, the assembly pin power at BOL tends to be
flatter with later recycles, and the assembly with the greatest power peaking challenges is the
first recycle. The pin peaking for this assembly is shown in Figure 5.2.1.
1.092
1.087
1.110
1.062
1.023
0.982
0.831
1.180
1.083
1.105
1.055
1.018
0.975
0.824
1.174
+MDNBR I UO2 Pins
0
1.081
1.041
0
0.830
1.151
*Hot Pin I FFF Pins I
1.044
1.021
0.932
0.758
1.078
0
0.845 0.719
1.178 0.999 0.866
0.947 0.862 0.823 0.823
Figure 5.2.1 - Assembly pin peaking, CONFU-B Recycle 01, 1/8 Assembly shown.
It is interesting to note that the hottest pin in the assembly is the FFF pin with pin peaking
of 1.183. However, this pin is not the location of the most limiting MDNBR in the assembly
(it is the location of the second most limiting MDNBR). This is a typical result for these
assemblies, and again, is due to the suppressed power in the UO2 pins next to the FFF pins.
This trend also occurs in Recycle 03, where the arrangement of FFF pins includes some in the
center of the assembly as well as on the perimeter. The pin peaking for this assembly is
shown in Figure 5.2.2.
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Figure 5.2.2 - Assembly pin peaking, CONFU-B Recycle 03, 1/8 Assembly shown.
By comparison, an all-UO2 assembly has a much flatter power profile. For this assembly
type, the location of the hottest pin does correspond to the location of the most limiting
MNDBR. The power peaking in an all UO2 assembly is given in Figure 5.2.3.
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Figure 5.2.3 - Assembly pin peaking, AIIl-U0 2, 1/8 Assembly shown.
VIPRE-01 calculations were made to find the most limiting MDNBR for these three
assembly pin power distributions. As stated earlier, radial power peaking values of 1.587 and
1.50 were used. Additionally, mixing coefficients of 0.038 and 0.072 were used to asses the
importance of turbulent mixing. The results are shown in Table 5.2.1. An MDNBR of 1.40 is
considered acceptable.
Table 5.2.1 - VIPRE-01 Results for CONFU-B and UO 2 assemblies.
Assembly Type Mixing Coefficient Radial Peaking Factor Pin Peak MDNBR
0.038 1.587 1.440
All U0 2  0.072 1.587 1.072 1.441
0.072 1.500 1.618
CONFU-B, 0.038 1.587 1.255
Recycle 01 0.072 1.587 1.183 1.283
0.072 1.500 1.443
CONFU-B, 0.038 1.587 1.282
Recycle 03 0.072 1.587 1.233 1.300
0.072 1.500 1.499
As can be seen from the above table, improved mixing provides greater benefits to a
heterogeneous assembly like CONFU-B than it does to a homogeneous all-UO2 assembly
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where the assembly pin power is flatter. Improving the turbulent mixing coefficient from
P=0.038 to 0.072 improves MDNBR in CONFU-B assemblies by -2%. In addition, it should
be noted that due to their high assembly pin peaking factors, CONFU-B assemblies require a
slightly lower core-wide radial peaking factor in order to have acceptable MDNBR limits.
Reducing the radial peaking factor from 1.587 to 1.50 adds approximately 12-15% to
MDNBR.
As stated earlier, as the fissile content of the TRU degrades with multirecycling, the
thermal-hydraulic performance improves. This can be seen in the higher MDNBR values for
recycle 03, even though the hottest pin in that assembly has a higher power peak than the
hottest pin in recycle 01. In addition, as an individual assembly accumulates burnup, its pin
peaking flattens. As a result, a likely core shuffling scheme would be to place fresh
assemblies on the core perimeter, while once- and twice-burned assemblies could be located
in the core interior.
5.3 CONFU-B results compared to MOX-UE, and CORAIL-Pu/TRU
In this section, we will compare the thermal-hydraulic performance of MOX-UE,
CORAIL-Pu, and CORAIL-TRU to CONFU-B. All cores will be compared on their first
recycle at the burnup point with maximum pin peaking. The pin peaking values for MOX-
UE, shown in Figure 5.3.1, were calculated using CASMO4 and the same CEA plutonium
data used for comparisons in Chapter 4. The fact that the MOX-UE assemblies use identical
fuel rods throughout leads to significantly lower assembly pin peaking than is found in
heterogeneous assemblies like CONFU-B. However, the presence of significant amounts of
Pu in the fuel leads to hardening of the spectrum. As a result, MOX pins near guide tubes
have a larger thermal flux available in their vicinity, and therefore exhibit higher pin peaking
than is found in an all-UO 2 assembly. Note that the most limiting MDNBR location
corresponds to the hottest pin location, as was the case with the all-UO 2 assembly.
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Figure 5.3.1 - Assembly pin peaking, MOX-UE Recycle 01, 1/8 Assembly shown.
The assembly pin peaking for the two CORAIL assemblies is shown in Figures 5.3.2 and
5.3.3. Calculations were made using CASMO4 and Pu/TRU data used by ANL in their
CORAIL study. The heterogeneity of these assemblies makes their pin peaking much closer
to CONFU-B than to MOX-UE. However, the presence of U-238 in the TRU loaded MOX
pins in CORAIL-TRU assemblies provides some shielding of the fissile isotopes, and
therefore, the pin peaking in CORAIL-TRU assemblies is slightly less than in CONFU-B
assemblies. On the other hand, the TRU vector contains some fertile isotopes that are not
present in the CORAIL-Pu assemblies. Without these isotopes, the CORAIL-Pu assemblies
exhibit higher pin peaking than either CORAIL-TRU or CONFU-B. Note that the hottest pin
in this CORAIL-Pu assembly (pin peak=1.217) is, in fact, the location of the most limiting
MDNBR.
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Figure 5.3.2 - Assembly pin peaking, CORAIL-Pu Recycle 01, 1/8 Assembly shown.
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Figure 5.3.3 - Assembly pin peaking, CORAIL-TRU Recycle 01, 1/8 Assembly shown.
The level of TRU loading and the amount of U0 2 enrichment are important contributors
to the magnitude of the pin power peaking found in heterogeneous assemblies. The values
used for these assembly level calculations are given in Table 5.3.I. Tailoring the TRU loading
and UO2 enrichment of CONFU-B assemblies for the purpose of reducing pin peaking and
increasing thermal-hydraulic margins will be explored in Chapter 6. It should also be noted
that longer cycle lengths for a given assembly design tend to result in higher pin peaking at
the beginning of cycle [Youinou, et. al., 2005]. In light of this, the pin peaking for MOX-UE
assemblies would be slightly less if their cycle length was reduced from 1515 to 1350 EFPD.
Table 5.3.1 - TRU loading and U02 enrichment for multirecycling strategies, 1 st recycle.
MOX-UE CORAIL-Pu CORAIL-TRU CONFU-B
TRU Type Pu Pu TRU TRU
TRU Loading 9.3 wt % 8 wt % 8 wt % 10 vol %
U0 2  0.25 wt % 4.2 wt % 4.2 wt % 4.2 wt %
enrichment
Burnup (EFPD) 1515 1350 1350 1350
Table 5.3.II summarizes the VIPRE-01 calculations for the assemblies discussed. For all
calculations, a radial peaking factor of 1.50 and a turbulent mixing coefficient of P=0.072
were used. In general, heterogeneous assemblies have much higher assembly pin peaking
than do homogeneous assemblies, but the MDNBR reductions are not as great as one might
expect since there are often cooler pins in the immediate vicinity of the hottest pin. The loss
of MDNBR margin in these heterogeneous assemblies can be mitigated somewhat with better
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mixing technology to take maximum advantage of these nearby cooler pins. In addition, if the
fissile Pu loaded in the assembly is mixed with U-238 and/or other fertile TRU isotopes, then
this also helps to dampen the pin peaking to a certain extent. However, it is interesting to note
that CONFU-B has the best MDNBR of the three 1 st recycle heterogeneous assemblies
(CONFU-B, CORAIL-Pu, CORAIL-TRU), even though its assembly pin peaking is second
best.
Table 5.3.11 - VIPRE-01 Results for MOX-UE, CORAIL, CONFU-B and UO2
assemblies.
5.4 Chapter Summary
This chapter provided an assessment of the thermal-hydraulic feasibility of CONFU-B
assemblies, as well as MOX-UE, CORAIL-Pu, and CORAIL-TRU. CASMO4 was used to
calculate the assembly level pin peaking for each of these assemblies. These results were then
used in VIPRE-01 to calculate the most restrictive MDNBR for each assembly.
Since heterogeneous assemblies have larger assembly pin peaking, they benefit more from
increased mixing. Mixing coefficients of 0.038 and 0.072 were used to assess this effect.
CONFU-B assemblies saw an approximate 2% increase in MDNBR with improved mixing,
while for an all-UO2 assembly, the difference in the two cases was negligible.
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Assembly Type Pin Peak MDNBR
All UO2  1.072 1.618
MOX-UE 1.106 1.569
Recycle 01
CORAIL-Pu 1.217 1.434
Recycle 01
CORAIL-TRU 1.167 1.392
Recycle 01
CONFU-B, 1.183 1.443
Recycle 01
CONFU-B, 1.233 1.499
Recycle 03
The most important factor in improving MDNBR to an acceptable level for CONFU-B
was the use of a core-wide FA radial peaking factor of 1.50 instead of 1.587. This improved
MDNBR by 12-15%, and the improvement was sufficient to raise MDNBR to acceptable
levels. It should be noted that all of these calculations were performed with unpoisoned, fresh
assemblies. Thus, a shuffling scheme could be used to ease the thermal-hydraulic challenges
presented by the high pin peaking by putting fresh assemblies near the core periphery and
once- and twice-burned assemblies closed to the center. The use of poisons and other
strategies to minimize the pin peaking will be examined in Chapter 6.
Finally, the thermal-hydraulic performance of CONFU-B was compared to a standard all-
U0 2 assembly, as well as the MOX-UE, CORAIL-Pu, and CORAIL-TRU multirecycling
strategies. As stated earlier, homogeneous assemblies exhibit flatter pin peaking. In addition,
flatter power peaking was found when fertile isotopes, such as U-238 or fertile isotopes of Pu
or other minor actinides, were included along with the fissile TRU isotopes. The MDNBR of
these assemblies are compared graphically in Figure 5.4.1.
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Figure 5.4.1 - MDNBR results
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Chapter 6 - Neutronic Strategies for Managing Thermal-
Hydraulic Margins
As was stated in Chapter 5, the heterogeneous nature of assemblies like CONFU-B can
result in fairly high assembly pin peaking. Since the hottest pins in the assembly are often
near cooler-than-average pins, one of the ways to improve thermal-hydraulic margins in
heterogeneous assemblies is through better mixing. This approach, however, only yields
moderate (-2%) improvements in MDNBR. In order to achieve sufficient MDNBR, it is
necessary to limit the core wide radial power peaking to 1.50. This can be accomplished by
locating fresh fuel batches near the periphery of the core, while once-and twice-burned
assemblies are located in the center of the core.
It is desirable to increase the allowed core radial power peaking, and thus provide
additional flexibility in core fuel management. This can be accomplished by reducing pin
power peaking, managing assembly power distribution, or suppressing assembly reactivity at
BOL. In addition to improving thermal-hydraulic performance of an assembly, there is also a
need to suppress core wide reactivity at BOL for criticality management.
This chapter will examine three strategies to achieve these goals. The first two use
neutron poisons to suppress BOL excess reactivity, as well as to manage assembly pin
peaking. A previous study [Shwageraus, et. al., 2003] examined the use of poisons in
CONFU-E assemblies. This study developed poison designs that did reduce BOL reactivity,
as well as reduce assembly pin peaking. However, doing so also reduced the TRU destruction
efficiency of the assembly. In particular, CONFU-E assemblies loaded with burnable poison
saw the burnup in the FFF pins reduced on the order of 25 to 30 %. In addition, the effects of
the poison design on MDNBR were not specifically addressed. This chapter will focus on the
following goals for poison design:
* Reduce BOL reactivity
* Sustain or Improve MDNBR
* Minimize the impact on TRU destruction efficiency
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The third strategy to be examined will be tailoring the enrichment of UO2 pins as well as
the loading of TRU in FFF pins to reduce pin peaking and improve thermal-hydraulic
margins. Again, it is important that these modifications have minimal impact on the level of
TRU destruction efficiency.
6.1 Methodology
Assembly level calculations will be made using the CONFU-B Base Case, Recycle 01
design. This design is chosen since it presents the greatest challenge in terms of meeting
MDNBR requirements. CASMO4 will be used to calculate assembly level pin peaking for
various poison strategies, as well as the UO2 enrichment and TRU tailoring strategies. These
pin peaking results will be used in VIPRE-01 whole core calculations to calculate the
MDNBR, assuming a whole core loaded with fresh assemblies. VIPRE-01 calculations will
use a Core Radial Peaking of 1.50 and a turbulent mixing coefficient of 0=0.072.
6.2 Boron Effects
Soluble boron, or chemical shim, is typically used to suppress core wide excess reactivity
at BOC. Current practice limits the boron concentration to 2000 ppm. As the core
accumulates burnup, the boron concentration is decreased until it eventually reaches zero near
the end of cycle. As was shown in Chapter 4, a given concentration of boron is worth less in
Pu containing assemblies, like MOX, than it is in an all-U0 2 assembly. This is due to the fact
that plutonium in particular has a higher absorption cross section than uranium, and this
hardens the spectrum near the Pu or TRU loaded pins in heterogeneous assemblies. The
effect is that soluble boron is worth less near FFF pins containing Pu than it is near UO 2 pins
in a CONFU-B assembly. The net effect is that power is pushed from U0 2 pins to FFF pins.
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To illustrate this point, the pin peaking for a CONFU-B assembly with 0, 1000, and 2000 ppm
at BOC are shown in Figures 6.2.1 through 6.2.3.
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Figure 6.2.1 - Assembly pin peaking for CONFU-B, Recycle 01, 0 ppm Boron
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Figure 6.2.2 - Assembly pin peaking for CONFU-B, Recycle 01, 1000 ppm Boron
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Figure 6.2.3 - Assembly pin peaking for CONFU-B, Recycle 01, 2000 ppm Boron
The MDNBR results for these three boron concentrations are given in Table 6.2.I. As was
stated earlier the most restrictive MDNBR and the hottest pin are in different locations in the
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unpoisoned assembly. As the boron concentration is increased to 1000 ppm, power is pushed
from the U0 2 pins to the FFF pins. As a result, the hottest FFF pin in the assembly gets even
hotter, and the MDNBR location shifts to this position. This has the effect of actually
improving the MDNBR for the assembly.
As the boron concentration is increased to 2000 ppm, more power is pushed to the FFF
pins, and eventually, the MDNBR begins to decline. Even so, the MDNBR for the assembly
with 2000 ppm boron is still better than for the unpoisoned assembly. In addition, the
assembly k-inf is suppressed with increasing boron, as expected.
Finally, we can see that there is a reduction in the net TRU destroyed in the assembly with
increasing boron concentration. However, this effect is slight. For an initial loading of 15.39
kg of TRU per assembly, the net fraction destroyed is reduced from 22.8% to 21.6% when the
initial boron concentration is increased from 0 to 2000 ppm.
Table 6.2.I - Effects of Boron Concentration
Boron Pin MDNBR Assembly Net TRU Assembly
Concentration Peaking k-inf (kg/Assy) average BW
(BOL) (pcm/ppm)
0 1.183 1.433 1.333 -3.52
1000 1.194 1.475 1.251 -3.42 -4.8
2000 1.205 1.458 1.181 -3.32
6.3 Gadolinium Pins
Another burnable poison used to manage excess reactivity is Gadolinium. Gadolinium is
usually homogeneously mixed in the fuel pins and used at discrete locations in the assembly.
The intent in this application is to have the poison suppress the excess reactivity at BOC, and
then to burn out nearly completely so as to leave no residual reactivity penalty. A typical
gadolinium loading in a 17x17 PWR assembly can range from 8-20 pins loaded with 4-8 wt
% Gd20 3 distributed throughout the assembly [Davis-Besse, 2003]. Because Gd is a strong
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absorber, the power in the Gd loaded pins is significantly reduced, and that power then is
pushed to other parts of the assembly. For an all-UO2 assembly, which has relatively flat
power to begin with, this is not a major concern.
However, for a heterogeneous assembly like CONFU-B, the selection of the location of
poisoned pins is critical. Care must be taken not to worsen the thermal-hydraulic margins. In
general, our approach was to use a larger number of pins in order to try to maximize
flexibility in shaping the assembly power. In addition, since the primary goal of the CONFU-
B design is to have a net TRU destruction rate, it is best to avoid poisoning the FFF pins since
the Gd will compete with the TRU for neutrons. With these constraints in mind, the
following poison schemes were assessed:
* 5 wt% Gd 20 3 in 24 UO2 pins
* 4 wt% Gd 20 3 in 28 UO2 pins
* 3.3 wt% Gd 20 3 in 36 UO2 pins
* 2.2 wt% Gd 20 3 in 56 UOz pins
The first trend to note is that the Gd significantly reduces the power of the poisoned pins.
In addition, the power of the unpoisoned pins next to the poisoned pins is mildly reduced.
This power was then pushed to other pins in the assembly, resulting in power peaking as high
as 1.31. For each poison scheme assessed, several different arrangements of poisoned pins
were tried.
Another trend is that a smaller wt% poison distributed over more pins results in greater
assembly average reactivity suppression, but the poison burns out more quickly. Figure 6.3.1
shows the effect of different poison schemes on the change in assembly reactivity with
bumup. In all cases, the Gd burns out with a small residual reactivity penalty at
approximately 25 MWd/kg, which corresponds to approximately an 18-month in core
irradiation (since there is less heavy metal in a CONFU-B assembly due to the FFF pins, 1350
EFPD typically results in -75 MWd/kg burnup averaged over all pins in the assembly).
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Poisoned vs Unpoisoned Assemblies
Figure 6.3.1 - Effects of Gd Concentration on Reactivity Suppression and Duration.
The final trend noted is that distributing the poison among more pins does in fact give
greater flexibility in shaping the power peaking. However, Gd is strongly self-shielding, so
pins poisoned with 2.2 wt% Gd exhibit almost the same power suppression as those poisoned
with 6 wt%. So, distributing it in too many pins makes power peaking significantly worse. In
the end, a poison scheme of 4 wt% Gd20 3 in 28 pins results in the lowest pin peaking and
appears to be optimum. The loading pattern of the Gd and the impact on pin peaking is
shown in Figure 6.3.3. An unpoisoned assembly is shown in Figure 6.3.2.
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Figure 6.3.2 - Assembly pin peaking for CONFU-B, Recycle 01, No Poison
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Figure 6.3.3 - Assembly pin peaking for CONFU-B, Recycle 01, w/ Gd20 3 rods
This poison scheme resulted in negligible impact on the thermal-hydraulic performance
and TRU destruction performance of this assembly. As expected, the reactivity at BOC is
significantly suppressed. Results are shown in Table 6.3.1.
Table 6.3.1 - Effects of Gd Poisoning Scheme
Gd Loading Pin MDNBR Assembly Net TRU
Peaking k-inf (kg/Assy)
None 1.183 1.433 1.333 -3.52
4 wt% - 28 pins 1.241 1.432 1.119 -3.53
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6.4 Tailored Enrichment
The CONFU-B design can achieve a net TRU destruction because it maximizes the
amount of TRU that can be loaded with each recycle. The net fraction of TRU destroyed in
the first recycle is 22.8%. This fraction declines with each succeeding recycle as the TRU
vector degrades, but with each recycle, the hottest pin in the assembly is maintained as a FFF
pin. And again, the thermal margins improve with each recycle. So, since the first recycle
has the highest TRU destruction efficiency, but also the lowest thermal-hydraulic margin, a
reasonable strategy would be to reduce the TRU loading, and thereby trade some TRU
destruction for additional thermal margin. This is what we call the Tailored Enrichment
strategy.
The approach here was to vary the TRU loading from 8-10 vol% and the U0 2 enrichment
from 4.2-5.0 wt %. The same number of FFF pins was used and the pins were kept in the
same arrangement in the assembly. All assemblies were unpoisoned and achieved a 3-batch
lifetime of approximately 1350 EFPD. Another important consideration was whether the hot
pin was a FFF pin or a U0 2 pin, since this is a general indicator of TRU destruction
efficiency. The results of these calculations are given in Table 6.4.1. Recall that the original
recycle 01 used 10 vol% TRU in 84 FFF pins with 4.2 wt% enriched U0 2.
Table 6.4.1 - Tailored Enrichment Results, Unpoisoned Assemblies.
TRU UO2 Pin MDNBR TRU TRU @EOL Net %
loading Enrich Peaking/ loaded + 6-years TRU TRU
(v/o) (w/o) type of pin (kg) (kg) (kg) burned
10 4.2 1.183/IMF 1.433 15.39 11.87 -3.52 22.8%
9 4.5 1.140/UO 2  1.403 13.85 10.75 -3.10 22.4%
8 4.8 1.145/UO2  1.389 12.31 9.67 -2.64 21.4%
Finally, since we know that soluble boron tends to push power from the U0 2 pins to the
FFF pins, we can take advantage of this in the assemblies where the MDNBR location is at
U0 2 pin. In addition, pushing power to the FFF pins can aid the TRU burning performance
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by partially overcoming the loss due to the presence of poisons. Table 6.3.II shows the effect
of increasing boron concentration on TRU burning and MDNBR for the three tailored
enrichments shown above. The effects on TRU burning were calculated using boron
concentrations at the maximum listed value for the first third of the assembly burnup, 50% of
max boron concentration for the next third, and 0 ppm for the final third.
Table 6.4.II - Tailored Enrichment Results, w/ Soluble Boron.
TRU UO2 BOL Pin MDNBR Assembly TRU Net % TRU
loading Enrich Boron Peaking/ k-inf loaded TRU burned
(v/o) (w/o) (ppm) type of pin (BOL) (kg) (kg)
0 1.183/IMF 1.433 1.333 -3.52 22.8%
10 4.2 1000 1.194/IMF 1.475 1.251 15.39 -3.42 22.2%
2000 1.205/IMF 1.458 1.181 -3.32 21.6%
0 1.140/UO2  1.403 1.345 -3.10 22.4%
9 4.5 1000 1.135/IMF 1.467 1.263 13.85 -3.02 21.8%
2000 1.143/IMF 1.511 1.193 -2.88 20.8%
0 1.145/UO02  1.389 1.355 -2.64 21.4%
8 4.8 1000 1.128/UO2  1.429 1.274 12.31 -2.53 20.6%
2000 1.113/UO2  1.465 1.204 -2.42 19.7%
For all the tailored enrichments used, the assembly k-inf at BOL decreased with
increasing boron concentration. In addition, the net TRU burned in each case decreased with
increasing boron concentration. There are some interesting effects that occur with MDNBR.
Figure 6.4.1 shows these results graphically.
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Figure 6.4.1 - Effects of Increasing Boron Concentration on MDNBR
For the case where we have 10 vol% TRU loading (4.2 wt% UO2 enrichment), recall that
for the unpoisoned assembly, the hot pin was a FFF pin, while the MDNBR location was at a
UO2 pin. As the boron concentration is increased to 1000 ppm, power is pushed from the
UO2 pins to the FFF pins, and this improves MDNBR. At this point, the hottest pin coincides
with the MDNBR location. However, as boron concentration continues to increase to 2000
ppm, so much power is pushed to the FFF pins, that MDNBR begins to decrease.
For the case of 9 vol% TRU (4.5 wt% UO2 enrichment), the MDNBR location is at the
hottest pin, which is a U0 2 pin. This pin remains the MDNBR location throughout the range
of boron concentrations investigated. As boron concentration increases, a FFF pin becomes
the hot pin, and MDNBR increases significantly. As boron concentration is increased further,
MDNBR continues to improve.
For the case of 8 vol% TRU (4.8 wt% U0 2 enrichment), the MDNBR location is at the
hottest pin, which is a UO2 pin. This pin remains the hottest pin and the MDNBR location
throughout the range of boron concentrations investigated. Since the TRU is loaded less in
the assembly, the magnitude of boron induced power shift from U0 2 to FFF pins is reduced.
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MDNBR increases with increasing boron concentration, but not as strongly as the 9 vol%
TRU case.
6.5 Chapter Summary
This chapter studied three main strategies for improving the thermal-hydraulic margins of
CONFU-B assemblies. The two poison strategies also provide BOL reactivity suppression for
criticality control as well as core wide power shaping. Those three strategies are:
* Use of Soluble Boron
* Use of Gadolinium burnable poison in UO2 pins
* Tailored TRU and U0 2 enrichments
The tailored enrichment strategy, when used alone, helped to flatten pin power peaking,
but degraded thermal margins further. The soluble boron and tailored enrichment strategies,
when employed together, provide significant improvement in thermal-hydraulic margins and
reasonable suppression of BOL reactivity. However, these strategies reduce the TRU
destruction efficiency. The use of gadolinium poisoned fuel pins provides significant BOL
reactivity suppression with almost no impact on thermal-hydraulic performance or TRU
destruction efficiency. Table 6.5.1 summarizes the best case performance for each strategy.
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Table 6.5.1 - Summary of Best Case Results.
Strategy MDNBR Improvement k-inf Reactivity TRU Change
% Suppression Destruction in
% % efficiency
Base Case 1.433 n/a 1.333 n/a 22.8 n/a
Soluble 1.475 +2.9 1.251 -6.2 22.2 -0.6%
Boron
Gd20 3  1.432 -0.0 1.119 -16.1 22.9 +0.1%
burnable
poison
Boron and 1.511 +5.4 1.193 -10.5 20.8 -2.0%
Tailored
Enrichment
Thus, the strategies assessed provide some improvement in thermal-hydraulic margin, but
at some cost in TRU destruction efficiency. Again, this analysis was conducted on the first
recycle assembly, which presents the greatest thermal-hydraulic challenge, but also had the
best TRU destruction efficiency of any of the recycles. With additional recycles, the TRU
destruction efficiency degrades, but the thermal-hydraulic margins improve, so a less
aggressive poison scheme is possible.
Ultimately, a whole core neutronic analysis would have to be conducted. This would
allow the assessment of different core shuffling schemes that could provide some additional
relief to thermal-hydraulic margins, as well as an assessment of the effects of poisons on the
core wide reactivity.
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Chapter 7 - Safety Assessment
The large amount of TRU used in a CONFU-B PWR assembly has some important
implications for the reactor's performance under transient and accident conditions. In
addition, the use of inert matrix fuel also has an impact on transients as the MgO-ZrO 2 matrix
has different thermal properties than the UO2 it replaces. Finally, the heterogeneous nature of
CONFU-B assemblies results in larger assembly power peaking compared to the. all U0 2
assemblies. In order to address these changes, a safety assessment of the CONFU-B assembly
design under certain accident conditions is conducted.
There are five major design basis accidents that are generally considered in the safety
analysis of a PWR [Tong and Weissman, 1996]. They are:
1. Loss-of-flow accident (LOFA)
2. Reactivity insertion accident (RIA)
3. Rod-drop accident
4. Secondary system rupture
5. Loss-of-coolant accident (LOCA)
The first three accident types are generally considered anticipated operating occurrences
(AOOs) and are thus Category II (moderate frequency) events. The last two are considered
Category III (infrequent events) if they result from small breaks and Category IV (limiting
faults) for large breaks. Other transients that can occur include undercooling transients, and
reactivity and power distribution anomalies. In this report, we will qualitatively asses the
CONFU-B design during a RIA and quantitatively asses the CONFU-B during a large-break
LOCA
One effect of the use of TRU as a fuel is the hardening of the neutron spectrum relative to
UO2 . This hardening was shown in Chapter 3 to cause the reduction of boron worth in
CONFU-B assembles. In general, this implies that higher concentration of control material
would be required for a reactor fueled with CONFU-B assemblies. This requirement is
123
partially compensated by the fact that the fertile isotopes in the TRU help reduce the reactivity
swing over the burnup cycle, and as such, the assembly would require less reactivity
suppression at BOL. Figure 7.1 compares the boron-free reactivity swing of a first recycle
CONFU-B with an all U0 2 assembly.
Figure 7.1 - Reactivity swing vs. Burnup
It is interesting to note that the TRU effects on reactivity swing are larger than the effect
of Pu buildup from the transmuted U-238. In addition to the change in reactivity swing, the
TRU in the assembly also affects the doppler coefficient (DC), moderator temperature
coefficient (MTC), and void coefficient (VC). The values for the coefficients were presented
in Table 3.2.II in Chapter 3. Excerpts from that table along with calculated values for
CONFU-E [Shwageraus, et .al., 2003] are given in Table 7.I. All coefficients are given at
BOL and for the first recycle in the case of the CONFU assemblies. All coefficients given are
calculated at a boron concentration of 1000 ppm. It should be noted that all the reactivity
coefficients for all three types of fuels increase in magnitude (get more negative) with
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accumulation ofburnup and (for CONFU) with later recycles. Thus, the first recycle at BOL
is the most conservative for LOCA safety analysis.
Table 7.1 - Neutronic Properties of Assemblies at BOL, 1000 ppm boron
All-U CONFU-B CONFU-E
DC (pcm/K) -2.14 -1.74 -1.77
MTC (pcm/K) -8.21 -14.0 -13.3
VC (pcm/% void) -34.6 -49.2 -38.6
BW (pcm/ppm) -6.21 -4.95 -5.16
The general result is that while all coefficients for CONFU assemblies were negative, the
magnitude of DC for CONFU assemblies was smaller than an all U0 2 assembly at BOL,
while the MTC and VC were larger for the CONFU-B. The smaller DC is an important
consideration for fast transients such as a reactivity insertion accident (RIA), while the MTC
and VC are also important for accidents such as a loss-of-flow (LOFA) and loss-of-coolant-
accident (LOCA), in addition to the thermal properties of the FFF. Note that since
approximately 2% of the power generated is directly deposited into the coolant, this prompt
heating allows the larger MTC in CONFU-B to help offset its smaller DC. Also note that the
values of the coefficients for CONFU-E are closer to the all-U assembly than are those for
CONFU-B. This is due to the fact that the CONFU-E assembly used here has 60 IMF pins
while the CONFU-B has 84 IMF pins.
7.1 Previous Work on RIA
Previous work used a point kinetics model to study a rod ejection accident (REA) in a
CONFU-E assembly [Shwageraus, et. al., 2003]. For this Reactivity Insertion Accident
(RIA), 3D SIMULATE was used to calculate the ejected rod worth from a CONFU-E core.
The point kinetics model developed was then used to describe the reactor power evolution
with time.
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The model also included thermal hydraulic feedback based on the calculated reactivity
coefficients for the CONFU-E assembly. This was done by calculating the power for small
time steps, solving a heat balance equation in three zones (fuel, cladding, and coolant), and
then using the reactivity coefficients to calculate the change in reactivity for the next time
step.
It should be noted that the FFF studied in the CONFU-E report was composed of fuel
microspheres dispersed in a Spinel (MgA120 4) matrix. The microspheres were made of TRU-
oxide mixed with YSZ. Table 7.1.1 provides comparisons of the material properties of this
spinel-based FFF with the properties of the MgO-ZrO 2-based FFF used in CONFU-B
assemblies. The values for the thermal conductivity and volumetric heat capacity of MgO-
ZrO 2-based FFF are calculated in section 7.2.
Table 7.1.I - Thermal Properties of Fuels
UO 2  Spinel FFF MgO-ZrO2 FFF
[Fink, 2000] [Shwageraus, et. [Medvedev,
al., 2003] 2004]
Tmelt (K) 2800 2200 2100
Thermal Conductivity 3.9 5.6 5.4
at 800 K
(W/m-K)
Volumetric Heat 3.0x10 6  4.0x10 6  3.7x10 6
Capacity at 800 K
(J/m 3-K)
The general conclusions of the RIA analysis by Shwageraus, et. al. were that "the
application of the [CONFU-E] assembly concept to the PWR fuel cycle results in only minor
deviation of fuel performance in reactivity insertion accidents." However, "the effect of
improved thermal conductivity and higher specific heat of [spinel] FFF compared to that of
UO 2 does not offset the effect of the lower melting temperature of the fertile free matrix. As a
result, the FFF pins in the [CONFU-E] type fuel assembly exhibit more limiting performance
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than the reference UO2 fuel by having greater fuel melting temperature margin degradation
during the REA."
From the current work, it can be seen that the MgO-ZrO2-based FFF has comparable but
slightly lower thermal conductivity, volumetric heat capacity, and melting temperature than
the spinel-based FFF. Therefore, one can conclude that the MgO-ZrO2-based FFF would
perform close to the spinel but not as well in a RIA accident, since power peaking and
reactivity coefficients are very similar in CONFU-E and CONFU-B assemblies. Never the
less, the performance of CONFU-E assemblies used a maximum of only about 30% of their
available thermal margin of the spinel-based FFF during the RIA. Therefore, it is expected
that the MgO-ZrO2-based FFF used in CONFU-B would also exhibit sufficient margins.
7.2 Methodology for LOCA Assessment
In the current study, RELAP5-3D [RELAP5 Development Team, 2003] was used to
calculate clad temperature, fuel centerline temperature, and reactor power in a core loaded
with CONFU-B assemblies during a Loss of Coolant Accident (LOCA). The RELAP5-3DC
code is a 3-D hydrodynamic code that provides best-estimate transient simulation of light
water reactor coolant systems during postulated accidents. The code models the coupled
behavior of the reactor coolant system and the core for loss-of-coolant accidents and
operational transients such as anticipated transients without scram, loss of offsite power, loss
of feedwater, and loss of flow.
The core was assessed in both a steady-state condition and during a LOCA. The reactor
was modeled as a four loop pressurized water reactor at steady state. During the transient,
one loop was modeled as broken, while the other three remained intact. Both the steady state
and transient conditions were modeled using two cores: (1) a core loaded with CONFU-B
assemblies, and (2) an all-UO2 core was also modeled for comparison. The key parameters
for the design are listed in Table 7.2.1.
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Table 7.2.I - RELAP5 PWR Model
Plant Parameters
Number of Primary Loops 4
Core Thermal Power (MWth) 3479
Core Parameters
Tinlet (oF) 566
Pinlet (lbf/in 2)  2277
Mass flow (lbm/s) 38,280
Number of Assemblies 193
Number of Axial Nodes 16
Axial power Distribution 1.5 peak-to-average Chopped Cosine
Core Radial Peaking 1.57
Assembly Power Peaking Factor
U0 2 Assembly 1.060
CONFU-B Assembly 1.183
After steady state conditions were established, the LOCA transient was modeled. For this,
the three intact legs were coalesced into one loop. The reactor core was modeled as an
average channel consisting of 192 fuel assemblies (50,688 fuel rods), a hot channel
consisting of one fuel assembly (263 fuel rods), with the hottest pin embedded in this hot
channel. For the U0 2 assembly, the hottest pin is a U0 2 pin with an intra-assembly power
peaking factor (IAPPF) of 1.060, while for the CONFU-B, the hottest pin is an IMF pin
with an IAPPF of 1.183. The response times of the reactor safety systems are given in
Table 7.2.II.
Table 7.2.II - Safety Systems' Response Times [TVA, 1968]
Action Time Sequence
Reactor Trip 2.0 sec delay + 3.5 sec for full control rod insertion
Turbine Trip 2.0 sec delay + 0.2 sec valve closure
Reactor coolant pump trip 2.0 sec delay
Main feedwater trip 2.0 sec delay + 5.0 sec valve closure
Safety Injection Actuation 27.0 sec delay
Auxiliary feedwater flow 10.0 sec delay
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Thermal Conductivity
In addition to the reactor operating parameters, the fuel material properties are needed.
The key fuel properties needed for RELAP analysis are thermal conductivity and volumetric
heat capacity. The thermal conductivity for the IMF pins was calculated using the Maxwell-
Eucken equation [Tong and Weissman, 1996], [Agari and Uno, 1985] for dispersed particle
fuels,
2k + k + 2b(kp - k
2km+kp - b(kp -k km (7.2.1)
where:
* kd = effective thermal conductivity of the dispersion fuel
* kp = thermal conductivity of the fuel particles
* km = thermal conductivity of the inert matrix
* b = particle volume fraction (0.30)
The thermal conductivity of the 50/50 MgO-ZrO2 matrix was experimentally determined
by [Medvedev, 2004] using laser pulse thermal diffusivity measurements over the temperature
range of 200-1200 oC. The experimental data points were fit to a third order polynomial
resulting in the correlation:
km =-2.1058x10-T 3 +5.3122x10- T2 -4.4452x10- T+18.05258 (7.2.2)
where T is in [°C] and k is in [W/m-oC]. For temperatures above 1200 oC, the thermal
conductivity of magnesia-zirconia was considered to be constant.
The fuel particles are taken as a homogeneous mix of TRU-Oxide and Yttria Stabilized
Zirconia (YSZ). The thermal conductivity of the particles was determined using Vegard's
law [Berna, et. al., 1997]:
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kp = kTRU-O2XTRU-02 + kvszxrsz (7.2.3)
where xi is the molar fraction. Since the initial TRU vector is 86.8% plutonium, we will use
the thermal conductivity of Pu-0 2 as an approximate value for TRU-0 2. Temperature
dependent correlations for the thermal conductivities for Pu-0 2 [Carabajo, et. al., 2001] and
YSZ [Yuan, et. al., 2001] are given in equations 7.2.4 and 7.2.5.
1 64000.035 + 0.286t 5/2 exp(-16.35/t) (7.2.4)k 0 2  0.035+0.286t t+ 0.
where t=T/1000 [K] and kPuo2 is in [W/m-K]. This equation is valid for 95% theoretical
density (TD) fuel with zero deviation from stoichiometry. For YSZ:
krs = 2.0+ 4.72 -10-4(T- 300) (7.2.5)
where T is in [K] and kysz is in [W/m-K].
Finally, the thermal conductivity of UO2 is needed as a baseline for comparison. The
basic expression recommended by [Fink, 2000] is:
100 6400
= + exp(-16.35/t) (7.2.6)kU2 7.5408 +17.692t + 3.6142t 2 +
where t=T/1000 [K] and kUo 2 is in [W/m-K]. Again, this equation is valid for 95% theoretical
density (TD) fuel with zero deviation from stoichiometry. It should be noted that the
conductivity decreases as plutonium content increases with burnup. In addition, fuel pellet
cracking, FP accumulation, and changes in stoichiometry that occur with burnup also decrease
the thermal conductivity [Fink, 2000]. However, these burnup effects will be ignored here.
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Using equations, 7.2.1 through 7.2.6 provides the thermal conductivities used for UO2 fuel
and the FFF fuel in RELAP5. Figure 7.2.1 shows the thermal conductivities for UO2 and for
10 v/o and 20 v/o TRU FFF. Again, note that the conductivity of the magnesia-zirconia based
IMF is assumed to be constant above 2200 oF (1200 oC). For the RELAP5 calculations, the
conductivity for the 10 v/o TRU loaded IMF fuel was used since this fuel composition is used
in the first CONFU-B recycle. Since its conductivity is slightly lower than the 20 v/o TRU
IMF, one can expect a slight improvement in thermal performance with higher TRU loadings
in later recycles. This trend is due to the fact that kPuo 2 > kysz up to approximately 2200 oF.
Since the fuel particle volume is fixed at 30 v/o of the IMF, increasing the TRU loading
effectively replaces YSZ with PuO2, and thus kfuel particle increases. Above 2200 oF, the
thermal conductivities are approximately equal.
Figure 7.2.1 - Thermal Conductivities of UO 2 and IMF fuel
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Volumetric Heat Capacity
The specific heat capacity for the IMF pins was calculated using the Neumann-Kopp law
[Seitz, 1940] for specific heat of complex materials:
Cp = x i .Cpi (7.2.7)
where xi is the molar fraction of material i.
Thus, this relation can be used to find the specific heat capacity of the IMF fuel from its
individual components: magnesia, zirconia, YSZ, and TRU-0 2. The specific heat capacities
of magnesia and zirconia were taken from correlations used by Medvedev. These correlations
are:
For magnesia:
Cpgo = 47.25995 + 5.681621x10-3 T - 8.72665 X10 -7 T 2 + 1.043 x110 -_ T3
MgO (7.2.8)
-1.053955 x10 -6 T - 2
For zirconia:
Cpzro, = 69.20001+8.54829x10-3 T-8.62921x10 -7 T 2 +2.46374x10- 0 T 3
(7.2.9)
-1.382767 x10-6 T
- 2
where C, is in [J/mole-K] and T is in [K].
To be consistent with the RIA work by Shwageraus, the specific heat of YSZ was taken to
be independent of temperature and was assumed to be 0.45 J/g-K. This is assumed credible
because it has been shown [Degueldre, et. al., 2003] that the specific heat of ZrO2 has a weak
dependence on Y20 3 and is relatively constant over the temperature range of 600-1500 K.
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The value chosen represents the lower bound of the high temperature specific heat of zirconia
[Hidaka, et. al., 1997], and is therefore conservative.
The specific heat of PuO2 was used as an approximation for the TRU-oxide. The
correlation for PuO 2 recommended by [Carbajo, et. al., 2001] is:
587.41
(322.49)(587.412) 5 e
Cpp o, = 2 +2(1.4679x10-2) T1/'"'~
where C, is in [J/kg-K] and T is in [K].
Finally, the specific heat capacity of UO2 is needed as a baseline for comparison. The
basic expression recommended by [Fink, 2000] is:
(7.2.10)
548.68
(302.27)(548.682).e T
Puo2  548.68 2
T 2 e - 1
+ 2(8.463 x10-3)T
(7.2.11)
(8.741x10 7)(18531.7)e-18 531.7/T
where Cp is in [J/kg-K] and T is in [K].
Utilizing equations 7.2.7 through 7.2.11 allows us to calculate the specific heat capacity of
the IMF. Similarly, we can multiply the specific heat by the density of each component to get
the volumetric heat capacity for the IMF, which is the required RELAP5 input. The results of
these calculations are shown in Figure 7.2.2.
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Figure 7.2.2 - Volumetric Heat Capacities of UO2 and IMF fuel
The primary trend to note is that the IMF has a larger volumetric heat capacity than does
U0 2 for all temperatures up to the melting point of the IMF. Since the volumetric heat
capacity is a measure of the thermal inertia, the larger heat capacity effects the performance of
a fuel during an accident. The heat capacity is slightly larger for 20 v/o TRU loaded IMF, and
overall, the difference between IMF and U0 2 decreases with increasing temperature. Again,
this is due to the fact that the fuel particles occupy a fixed volume in the IMF, and as the TRU
v/o increases, the YSZ v/o decreases. For the RELAP5 calculations, the heat capacity for the
10 v/o TRU loaded IMF fuel was used since this fuel composition is used in the first CONFU-
B recycle. Since its heat capacity is slightly lower than the 20 v/o TRU IMF, one can expect a
slight change in thermal performance with the higher TRU loadings in later recycles. In
general, a larger heat capacity means the fuel stores more heat, and this is a disadvantage
during the early stage of a LOCA. In the latter stages of the LOCA, as the fuel is continuing
to generate decay heat, a larger heat capacity can be advantageous.
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7.3 Results
Steady-state operation
As stated earlier, the reactor core was modeled as an average channel consisting of 192
fuel assemblies (50,688 fuel rods), and a hot channel consisting of one fuel assembly (263
fuel rods), with one hottest pin embedded in this hot channel. The fuel in the core was
modeled with 16 axial nodes. The inlet temperature of the coolant was 569.9 K (556.15 oF).
Figure 7.3.1 shows the axial cladding temperature profile of the hottest IMF pin and an
average IMF pin in a CONFU-B assembly.
For comparison, the average UO2 pin in an all-U0 2 core had a clad temperature identical
to the average IMF pin, while the hottest UO2 pin had a clad temperature approximately 0.5 K
less than the hottest IMF pin. This is to be expected since the clad is in contact with the
coolant, which is at the same temperature for both types of cores. The slightly higher clad
temp of the hottest IMF pin in the CONFU-B core was due to the higher pin power in that
assembly. The peak clad temperature occurred at somewhat above the axial node 11 in all
cases.
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Figure 7.3.1 - Steady State Clad Temperature
The centerline temperatures of the two fuel types differ significantly. Figure 7.3.2 shows
the centerline fuel temperatures for both IMF and U0 2 fuel. Note that U0 2 pins have a higher
centerline temperature. This is true for the hottest pin in each type of assembly, even though
the hottest IMF pin in a CONFU-B assembly generates about 12% more power than the
hottest U0 2 pin in an all U0 2 assembly. The higher thermal conductivity of the IMF pins at
steady state operating conditions is responsible for this effect. The peak fuel temperature
occurred at axial node 8 in all cases.
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Figure 7.3.2 - Steady State Fuel Centerline Temperature
Even though U0 2 pins operate at higher temperatures than IMF pins, they also have a
higher melting point. To make a fair comparison, we use a metric we will call the fraction of
fuel thermal margin (Ffuel-margin). It is defined as follows:
Ffuel-m arg in
(-T(Tfuel -inlet)
(Tmelt - Tinlet )
Ffuel-margin represents the fuel temperature as a fraction of the total margin to melting.
Figure 7.3.3 shows fraction of the total margin used by the fuel by axial location. Note that
even though UO2 pins operate at higher temperatures, they use slightly less of their available
thermal margin than do IMF pins.
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Figure 7.3.3 - Fuel Steady State Temperature Margin
LOCA
A large break LOCA is a design basis accident where a double-ended guillotine break
occurs in a cold leg between the reactor coolant pump and the reactor vessel Boyak B.E., et.
al.]. The primary system rapidly depressurizes and, within a fraction of a second, the core
voids and goes through departure from nucleate boiling (DNB). The negative void reactivity
rapidly shuts down the core. However, with the diminished cooling and the redistribution of
stored energy in the fuel, the cladding heats up. This blowdown period lasts from
approximately 0-30 seconds after the break. During this time, the high pressure safety
injection begins, as does injection from the cold-water accumulators. While these systems do
provide some cladding cooling, most of this flow is lost out of the break.
The refill period occurs from 30-40 seconds after the LOCA. During this period, the
lower plenum begins to fill with accumulator water. However, the core continues to heat up
due to decay heat.
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Finally, the reflood period occurs between 40-200 seconds. During this time, the lower
plenum has filled, and the core begins to refill. As the water level rises in the core, it cools
the fuel pins, which generates a two-phase mixture that provides cooling for the upper level of
the core. However, the fuel rods continue to heat up until the quench front reaches the upper
levels of the core.
Starting after the steady-state operation was established, RELAP5 was run again with an
assumed break in one of the coolant loops. The reactor was calculated to trip and safety
systems responded in accordance with the parameters in Table 7.2.11. The power level of the
reactor is shown in Figure 7.3.4.
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Figure 7.3.4 - Reactor Power after LOCA initiation
Figure 7.3.5 shows the peak clad temperature (PCT) for the hottest pin in the CONFU-B
and U0 2 cores. The first spike in clad temp is due to the pins drying out due to the loss of
coolant and deposition of stored energy in the fuel. Auxiliary feedwater begins to flow after a
10 second delay, and the clad temperature begins to drop. As noted above, this flow provides
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some cooling, but is rapidly lost out of the break. The second spike in clad temperature is
cooled by the initiation of the safety injection system, which activates after a 27 second delay,
but again, this flow is quickly lost out of the break. Finally, the core begins to refill and
reflood in the timeframe from 30 to approximately 170 seconds.
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Figure 7.3.5 - UO2 (Dashed) vs CONFU-B (Solid) Peak Clad Temp during LOCA, Axial
node 11
Note that the CONFU-E clad temperature takes longer to quench during the reflood
period. This is due to the higher pin peaking and thus higher linear power of the IMF fuel
compared to UO2. Figure 7.3.6 compares the peak centerline fuel temperature for CONFU-E
and UO2. At the end of the blowdown period (30 sec), the fuel centerline temperature is
approximately equal at around 600 K for both fuels. Since the IMF fuel operates at about
12% higher pin power peaking than the UO2 fuel, the decay heat generated in the IMF fuel is
larger. Therefore, the IMF fuel takes a longer time to quench as the core refloods. Note that
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the hottest location in the fuel during the reflood period is at axial node 11 which is what
drives the clad temperature at that location.
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Figure 7.3.6 - UO2 (Dashed) vs CONFU-B (Solid) Hottest Fuel Temp during LOCA,
Axial Node 11
So, during the LOCA, the maximum fuel temperature remains below its steady state
temperature, while the clad temperature rises above its steady state temperature. Therefore, it
is appropriate to see how much thermal margin is used by the clad during the transient. To
make a fair comparison, we introduce a metric we will call the fraction of clad thermal margin
(Fclad-margin). It is defined as follows:
Fcladm arg inclad-m arg in
- (Zclad- inlet)
(Toxidation - Tinlet )
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(7.3.2)
Fclad-margin represents the clad temperature as a fraction of the total margin to exothermic
oxidation. For these calculations, the Zr onset of exothermic oxidation temperature used was
Toxidation = 1500 K (1200 oC) [Todreas and Kazimi, 1990]. This temperature limit is set to
prevent excessive metal-water reaction from occurring. Figure 7.3.7 shows fraction of the
total margin used by the hottest fuel pin at the location of the peak clad temperature during the
LOCA (axial node 11). It can be seen from the figure, that although the clad temperature
increases significantly during a transient, there is still significant margin available before
exothermic oxidation could occur.
Figure 7.3.7 - Clad Thermal Margin during Steady-State and LOCA
7.4 Chapter Summary
In this chapter, we calculated the expected thermal properties of a 50/50 mix magnesia-
zirconia based IMF fuel. We provided a qualitative comparison between the spinel-based
IMF used in CONFU-E assemblies with the magnesia-zirconia based IMF used in CONFU-B
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assemblies. During a postulated RIA, it is expected that the magnesia-zirconia IMF fuel will
perform slightly less well than spinel IMF fuel, and that both fuels will perform slightly less
well than UO2.
In addition, we performed a RELAP5 analysis during steady-state operation and during a
LBLOCA in order to determine the peak fuel and peak cladding temperatures. The fuel
margin used during steady state operations was very comparable between the U0 2 and IMF
fuels. During the LOCA, the fuel temperature dropped significantly below the steady state
temperature, and so fuel melting was not a significant issue.
Since both fuels use the same clad, the stored energy in the fuel pins and the decay heat
generated played an important role in determining the peak clad temperature. Although the
clad temperature increased significantly during the LOCA, there was still significant thermal
margin remaining when PCT was reached before onset of exothermic oxidation. Overall, the
cladding in the IMF fuel was more stressed during the LOCA. The strategies for reducing the
pin peaking in CONFU-B assemblies discussed in Chapter 6 would also help to reduce the
linear power of the IMF pins, and therefore would improve thermal margins during a
LBLOCA. In general, the performance of the MgO-ZrO2 based IMF used in CONFU-B was
comparable to UO 2 during the LOCA.
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Chapter 8 - Fuel Cycle Material Handling Issues and Repository
Impact.
The results presented in Chapters 3 and 4 indicate that CONFU-B assemblies perform
reasonably well from a neutronics point of view. The reactivity coefficients are comparable
to an all-UO2 assembly, as well as other PWR multirecycling options. In addition, CONFU-B
assemblies achieved the design goal of appreciable net TRU destruction with each recycle.
Chapters 5 and 6 examined the impact of the high pin peaking that results from the
heterogeneous nature of CONFU-B assemblies. While the pin peaking results in reduction of
thermal operating margins, the use of neutronic poisons can mitigate this effect and improve
thermal margins, while sustaining reasonably good TRU consumption performance and
suppressing BOL reactivity.
Chapter 7 examined the performance of CONFU-B during postulated accident scenarios.
Again, the performance was reasonably close to current all-UO2 assembly performance.
Ultimately, the objective of this thesis is the design a TRU burning fuel assembly for
current PWRs in order to, with multiple recycling of TRU, minimize the spent fuel burden on
the repository. This chapter will now examine the challenges of multi-recycling on fuel cycle
operations, as well as the impact of the CONFU-B multirecycling strategy on the repository.
8.1 Methodology
In developing metrics for comparing fuel cycles in terms of their material handling
difficulty and storage requirements (long- and short-term), it is important to consider which
isotopes most strongly influence the metrics. Fission products, in general, dominate the short-
term decay heat and gamma-energy qualities of SNF. Actinides (other than U), on the other
hand, tend to dominate the long-term decay heat and gamma-energy SNF qualities, but also
the short- and long-term spontaneous neutron generation rate. (Fission products are important
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neutron producers only in the very short-term, e.g., from delayed neutron precursors with
half-lives on the order of one minute or less [Lamarsh and Baratta, 2001]). The total neutron
source in spent fuel comes from these delayed-neutron precursors, spontaneous fission from
actinides, and some (xo,n) reactions. The relative contributions to neutrons from fission
products and actinides are shown in Figure 8.1.1. These data are from ORIGEN-ARP [Gauld,
et. al., 2005] calculations for UO2 fuel with 4.2 % enrichment and discharged with 50
MWd/kg burnup. Note that the fission products contributions to spontaneous neutrons
becomes negligible around three years after discharge.
Figure 8.1.1 - Relative contribution to neutron rate, spent PWR fuel, 4.2 w/o
enrichment, 50 MWd/kg, ORIGEN-ARP calculation.
In addition to neutron production, the decay heat produced by SNF complicates fuel
handling and is a primary driver for the temperature limits in the repository. Again, fission
products dominate this radiation parameter in the short-term, but after 100 years, the actinides
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begin to dominate, and after 1,000 years, fission products can be ignored. Figure 8.1.2 shows
the relative contributions to decay heat from fission products and actinides.
Figure 8.1.2 - Relative contribution to decay heat, spent PWR fuel, 4.2
50 MWd/kg, ORIGEN-ARP calculation.
w/o enrichment,
Another key radiation parameter for SNF is the gamma energy produced. This is a key
parameter for fuel handling as it directly impacts the shielding required, and hence has an
impact on costs. Again, this is largely dominated by fission products in the time from
discharge out to around 300 years, and is dominated by the actinides thereafter. Figure 8.1.3
shows the relative contributions to gamma energy from fission products and actinides.
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Figure 8.1.3 - Relative contribution to gamma energy, spent PWR fuel, 4.2 w/o
enrichment, 50 MWd/kg, ORIGEN-ARP calculation.
As was stated in Chapter 1, the amount of high-level waste that can be stored in the Yucca
Mountain Repository under a heat limited design can be significantly increased if the
actinides are removed from SNF. Therefore, in comparing the long-term impact of various
multi-recycling schemes on the repository, it is only necessary to compare the quality and
quantity of actinides sent to the repository under each scheme, and fission products can be
ignored.
For fuel reprocessing and handling, the short-term qualities of the fuel are much more
important. Table 8.1.1 shows these radiation parameters for CORAIL-TRU fuel at various
stages in the fuel cycle. "Charge" data are for one MTIHM, while the "discharge" data and
"after cooling" data (five years after discharge) are based on the resulting heavy metal mass
after irradiation (-0.954 metric ton).
148
0.3 1 3 5 6 10 30 100 300
Years after discharge
Table 8.1.1 - Radiation parameters for CORAIL-TRU assemblies [Taiwo, et. al., 2004]
Cycle
Decay Heat Fabrication
(Watt) Charge
Discharge
After Cooling
Neutrons Fabrication
(n/sec) Charge
Discharge
After Cooling
Gamma Fabrication
(Watt) Charge
Discharge
After Cooling
UOX
0.01045
0.01045
2.06x10 6
2515
1.23x10 4
1.23x10 4
1.23x10 9
5.74x108
0.00
0.00
5.67x105
1066
MOX
1983
2054
1.98x10 6
5584
9.48x10 7
9.69x10 7
1.33x10l o
6.47x10 9
0.56
0.90
5.23x105
897
CORAIL-TRU
3 7
9227 21150
2888 6580
2.01x106  1.96x106
6468 9502
2.43x10l ' 2.60x10l
7.36x10 9  5.77x10 lo
2.71x10' 4.51x10 1
1.44x1010  1.37x10"
5.58 10.29
1.91 3.39
5.46x105  5.31x10 5
1021 989
Note that the gamma power and decay heat of the fuel at discharge are significant,
although they decay by a factor of about 500 during cooling. As was shown, these are largely
due to fission products. And, once the fission products are removed during reprocessing, the
gamma energy is again substantially reduced, so that at the fabrication stage, it is another
factor of -1,000 less than at the end of the cooling period. It is interesting to note that the
gamma power and decay heat at discharge and the gamma power after cooling for MOX and
CORAIL-TRU are comparable to and slightly lower than the values for UOX (this is also true
for CORAIL-Pu). In fact, aqueous reprocessing is considered feasible for UOX fuel after
only four years of cooling, and the primary limit is the impact of decay heat on the organic
solvents used in the process [OECD/NEA, 2002]. Thus, the gamma power and decay heat of
spent UOX fuel due to fission products is not a limit to reprocessing. And, since the
magnitudes of the FP radiation parameters are similar among the various fuel cycles listed
above, FPs are not very useful as a discriminator. This is assumed to be the general case for
all thermal multi-recycling strategies. Therefore, the fission product gamma power and decay
heat will not be used as a metric for assessing material handling difficulty.
In addition, once the SNF is initially processed, the volatile fission products are released.
As fuel processing continues, and more fission products are removed from the fuel, the
gamma power and decay heat continue to decrease. So finally, when the fuel is ready for
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fabrication, the key contributors to material handling difficulty are the actinides. Therefore,
only the actinides will be considered in determining the Fuel Handling and Repository Impact
of the fuel cycles considered. Specifically, the parameters that will be assessed for fuel
handling difficulty are decay heat, spontaneous neutrons, and gamma power. Table 8.1.II
summarizes the metrics that will be used in this chapter.
Table 8.1.II - Fuel Handling and Repository Impact Metrics
Decay Heat (watts)
Fuel Handling Spontaneous Neutrons (n/sec)
Gamma energy (watts)
Decay Heat (watts)
Repository Impact Radioactivity (Ci)
Radiotoxicity (m3 H20)
The TRU vector calculated by CASMO4 or published in the literature for the
multirecycling strategies studied will be used as a basis for comparing the different fuel
assembly designs and their associated fuel cycles. For detail, the reader is referred to Annex
B. These vectors will be allowed to decay for specified periods using ORIGEN-ARP.
Quantities of interest include:
* Decay heat (watts)
* Spontaneous neutron rate (n/sec)
* Gamma Energy (watts)
* Radioactivity (Ci)
* Radiotoxicity (dilution in m3 H20)
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8.2 Fuel Handling.
Since spent U0 2 fuel is currently reprocessed into MOX fuel, the material handling
difficulty of this fuel will serve as a basis for comparison. The radiation parameters will be
taken from the point in the cycle (after 5-years of cooling and separation of FPs) where the
MOX fuel is fabricated. At this point in the fuel cycle, fission products have been removed,
and the actinides are at their highest concentration. The fuel handling metrics listed in Table
8.1.11 above will be normalized to this MOX fuel fabrication standard for each fuel cycle
assessed. The values used are taken from Table 8.1.1 [Taiwo, et. al., 2004], scaled from one
MTIHM to one assembly, and are given in Table 8.2.I.
Table 8.2.1 - Radiation parameters from one Assembly of MOX fuel at Fabrication
(after 5-years of cooling and separation of FPs)
Again, only the contributions from the actinides are used in computing these parameters.
The fuel handling indices for the multirecycling options discussed in this report, at various
cycles have been calculated. For the comparison, the first, third, fifth and equilibrium recycle
stages were compared (where data were available). The cycles come to equilibrium at
different points, and the cycle number for the "Equilibrium" cycle is given for each recycling
scheme in Table 8.2.II.
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Decay Heat (watts)
Spontaneous
Neutrons (n/sec)
Gamma energy
(watts)
MOX Fabrication
1041
4.98x10
0.29
Table 8.2.II - Equilibrium cycle used for fuel handling comparison
"Equilibrium" Cycle number
CONFU-B, 6-yr cooling 9
CONFU-B, 16.5-yr cooling 9
CONFU-B, Remix 9
MOX-UE 7
CORAIL-Pu 7
CORAIL-TRU ~16*
*Note: Cycle 1 through 7 and the equilibrium cycle were provided for CORAIL-TRU in
[Taiwo, et. al. 2004]. Based on the increasing TRU loading with each cycle, and the given
TRU loading of the equilibrium cycle, it is estimated that the equilibrium cycle for CORAIL-
TRU occurs at cycle 16.
Another important factor to consider in comparing the different fuel handling indices is
the amount of TRU (or Pu) loaded at the beginning of each recycle. Table 8.2.111 shows the
TRU loading per assembly for each cycle for which a fuel handling index has been calculated.
Note that the indices will not be normalized for the initial mass loadings from Table 8.2.III,
since the fuel mass in one full assembly is the amount of material that has to be handled.
However, these mass loadings are helpful in understanding the relative quantities calculated
for the indices.
Table 8.2.III - TRU loading per assembly at BOC
"TRU" mass loaded in cycle number (kg)
Recycling Scheme "TRU" Type 1 3 5 Eq
CONFU-B, 6-yr TRU 15.4 27.9 24.9 24.9
CONFU-B, 16.5-yr cooling TRU 15.4 20.5 17.6 17.6
CONFU-B, Remix TRU 15.4 30.8 22.0 22.0
MOX-UEa Pu 41.9 54.0 54.0 54.0
CORAIL-Pub Pu 11.1 13.3 13.6 13.6
CORAIL-TRUc TRU 11.1 15.1 18.6 35.7
a [Youinou, et. al.. 2003]
b [Taiwo, et. al., 2004], [Youinou, et. al..
c [Kim, 2002b]
2003], [Kim, 2002b]
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Figures 8.2.1a through 8.2.3a show the fuel handling indices for decay heat, spontaneous
neutrons, and gamma power, normalized to the MOX standard in Table 8.2.II (Data for
CORAIL-Pu, cycle 3 and 5, were not available). Again, these comparisons are for the
actinides in the fuel after a 6-year cooling period, which is approximately the point where
recycling and fabrication would occur. The absolute values for each of these radiation
parameters are shown in Figures 8.2.1 b through 8.2.3b.
Figure 8.2.1a - Fuel Handling Index at Fabrication, Decay Heat
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Figure 8.2.1b - Decay Heat after cooling
For decay heat, note that the MOX-UE strategy has the largest index for cycle 1. This is
due to the high loading of Pu in these assemblies. However, also note that the index for
MOX-UE does not increase significantly with multi-recycling. This is also true for CORAIL-
Pu. Since these Pu loaded assemblies separate out the minor actinides with each recycle, they
avoid the higher decay heat associated with these isotopes. Only the MA that have
accumulated during one cycle have to be dealt with for Pu-only recycle, while these MA
continue to accumulate with each recycle in the strategies that recycle the full TRU vector.
The assemblies loaded with TRU (CONFU-B and CORAIL-TRU) all show a more
significant increase in decay heat with additional recycles. This is exacerbated in CORAIL-
TRU by the increase in mass loading with each recycle. In the cases of CONFU (16.5-yr) and
CONFU (Remix), the mass loadings are reduced sufficiently (from cycle 3) to curtail the
increased decay heat produced by the accumulation of MAs. Also, the additional cooling
time used in CONFU (16.5-yr) and CONFU (Remix) help reduce the decay heat relative to
CONFU (6-yr).
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It should be noted that an NEA study [OECD/NEA, 2002a] described recycle strategies
for fast reactors where the decay heat after cooling that was considered "acceptable" was as
high as 46.0 W/kgHM. In other words, the solvents and other materials used in aqueous
recycling processes could tolerate those heat levels. This corresponds to a decay heat of
24,600 W/assembly (42,500 W/MTIHM). (Note that this value is at the end of cooling, prior
to fuel fabrication). This is a factor of 8 higher than the MOX monorecycle benchmark at that
point in the fuel cycle. Therefore, based on this comparison, all the fuel cycles studied have
sufficiently low decay heat to be reprocessed using current aqueous processes.
Fabrication Fuel Handling Index, Neutron Rate after cooling
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Figure 8.2.2a - Fuel Handling Index at Fabrication, Spontaneous Neutrons
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Figure 8.2.2b -Spontaneous Neutrons after cooling
The spontaneous neutron rates for all strategies, however, are significantly higher than for
MOX monorecycle. For the neutron rate index, note that the scale is logarithmic. Again,
MOX-UE has the largest index for the first recycle. And again, the accumulations of MA
found in the strategies with full TRU recycle result in a higher neutron rate index in later
recycles than for the strategies that only recycle Pu. Based on these results, alternative
recycling processes (such as those described in [Youinou, et. al., 2005]), including additional
shielding requirements and the possibility of pyroprocessing, would need to be considered.
Again, the NEA study [OECD/NEA, 2002a] gives an acceptable level of spontaneous
neutrons as 86.1x106 n's/s-kgHM. This is a factor of 900 greater than the MOX monorecycle
benchmark at that point in the fuel cycle. Therefore, based on this comparison, all the Pu
recycling strategies studied have sufficiently low neutron generation rates to be fabricated
using current processes. The TRU recycling strategies have sufficiently low neutron
generation rates for the first few cycles, but then exceed the limits of current practice.
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Figure 8.2.3a - Fuel Handling Index at Fabrication, Gamma Power
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The last fuel handling index assessed is gamma power. Similar trends are noted in that
MOX-UE again has the largest index for the first cycle due to its high Pu loading. However,
the smaller TRU loading in CONFU, especially in the 16.5-yr and Remix strategies,
compensates for the higher concentration of MAs in these assemblies. And, as expected,
CORAIL-PU has the lowest index given that it only recycles Pu and has the smallest TRU
load at equilibrium. There were no specific limits on gamma power found in the literature.
However, it is assumed that additional radiation shielding protection for plant workers would
be required as gamma power levels increase.
8.3 Repository Impact
As stated earlier, the repository impact will be measured in terms of decay heat,
radioactivity, and radiotoxicity. To accurately assess the repository impact of the alternative
recycling strategies requires a careful accounting of material. To begin with, the basic unit of
disposal in all cases is the assembly. However, the assemblies may not have produced the
same amount of energy, so an important step is to normalize the assembly TRU mass by the
energy produced from that assembly. Table 8.3.1 lists the energy produced by each assembly
type, given in GWd electric. Note that all reactors are assumed to operate with a thermal
efficiency of 33%. We will compare the repository impact of multi-recycling to the once-
through cycle.
Table 8.3.I - Energy output by Assembly
Assembly Data EFPD Power per Burnup IHM GWde per
Assembly (MWd/kg) (kg) Assembly
(MWth)
CONFU 1350 17.68 - - 7.876
CORAIL [Taiwo, et. al., - - 45 535 7.945
2004]
MOX-UE [Youinou, et. 1515 17.68 - - 8.839
al., 2003]
UO 2 50 463 7.640
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While normalizing for energy, it is important to keep track of the various mass flows. The
basic U0 2 assembly generates energy, and leaves TRU to be disposed of in the repository.
All the other strategies begin their first cycle by removing TRU from the repository to make
their BOL TRU load. Thus, these strategies will be given a "repository credit" in the form of
a reduction in their final TRU repository burden by the amount of spent UO2 TRU they
removed from the repository. In addition, each recycle supplants a spent UO2 assembly that
would have been generated. All recycling strategies will be normalized to the repository
burden of the amount of spent U0 2 fuel they supplant.
As noted, all assemblies produce a roughly equivalent amount and distribution of fission
products. Since the assemblies are normalized by energy, this also effectively normalizes
them for FP production. Therefore, the FPs produced are roughly equivalent for each strategy
and will be ignored in the repository comparison.
Finally, it should be noted that multirecycling strategies can substantially reduce
repository burden by keeping TRU (or Pu) in reactors, short-term storage, and reprocessing,
with only losses going to the repository. However, for this analysis, all strategies will be
compared for 7 recycles, with the fuel from the last recycle being sent to the repository. This
might, in fact, become the practice if the fuel handling difficulties become too great with
multiple recycles.
While it would be possible to separate the TRU bearing pins from the U0 2 pins in
heterogeneous assemblies like CONFU and CORAIL, the majority of the repository burden
from the seventh assembly comes from the multi-recycled TRU in the FFF pins. In fact, the
FFF pins contain over 80% of the TRU mass in the assembly. In addition, the multirecycled
TRU in the FFF pins contains much higher concentrations of Am and Cm, which are the more
radioactive species among the actinides. Therefore, for simplicity, the entire assembly
discharged from the seventh cycle is considered to be sent to the repository as a whole for
both heterogenous and homogeneous designs.
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Strategies like CORAIL-TRU are designed to stabilize the current inventories of TRU.
Thus, CORAIL-TRU does not withdraw any TRU from the repository after its initial load.
Figure 8.3.1 shows the CORAIL-TRU strategy and its associated mass flows.
Legacy TRU/Repository
Last Assembly
TRU
Cycle 1 Cycle 2 Cycle 3 Cycle 41 Cycle 5 Cycle 6 Cycle 7
TRU TRU TRU TRU TRU TRU
Figure 8.3.1 - CORAIL-TRU mass flows
After withdrawing the TRU required for the first recycle, all later cycles are loaded with
the TRU from the previous cycle. Practically, the losses from recycling (0.1% from each
cycle) would be sent to the repository, but these losses are small (0.7% total) compared to the
other mass flows in the system, and are ignored for this analysis. Thus the repository burden
imposed by this cycle is the burden of the last assembly minus the TRU drawn from the
repository for the first cycle.
Similarly, the CORAIL-Pu strategy is designed to stabilize the current inventories of Pu.
Thus, CORAIL-Pu does not withdraw any Pu from the repository after its initial load. Figure
8.3.2 shows the CORAIL-Pu strategy and its associated mass flows. After withdrawing the
Pu required for the first recycle, all later cycles are loaded with the Pu from the previous
cycle. However, the MA (primarily Am and Cm) that are separated from each cycle are sent
to the repository (Note: In a two tiered strategy that uses fast reactors, these MA would not be
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sent to the repository, but would instead be used as FR fuel). Again, the losses from recycling
(0.7% total) are ignored for this analysis. Thus the repository burden imposed by this cycle is
the burden of the last assembly plus the MA from each cycle, minus the TRU drawn from the
repository for the first cycle.
Legacy TRU/Repository
M Last Assembly
Pu MA
Cycle 1 Cycle 2 11 Cycle 3 Cycle 4 Cycle 5 Cycle 6 Cycle 7
Pu Pu Pu Pu Pu Pu
Figure 8.3.2 - CORAIL-Pu mass flows
MOX-UE reprocesses only Pu, like the CORAIL-Pu, but it depletes the Pu with each
cycle, and so has to draw additional Pu from the repository to have sufficient mass for the
next cycle. With each recycle, the MA are separated and sent to the repository. Figure 8.3.3
shows the MOX-UE strategy and its associated mass flows. After withdrawing the Pu
required for the first recycle, all later cycles are loaded with the Pu from the previous cycle
plus mass from the repository. Note that in the figure, only the first three Pu draws from the
repository are shown for simplicity. In fact, all 7 cycles draw Pu from the repository. Thus
the repository burden imposed by this cycle is the burden of the last assembly plus the MA
from each cycle, minus the TRU drawn from the repository for each cycle. Again, this
ignores the 0.7% reprocessing losses.
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Legacy TRU/Repository
A I
Last Assembly
SPuPu MAs
Cycle 1 Cycle 2 Cycle 3 lCycle 4 1 Cycle 5 Cycle 6 Cycle 7
Pu Pu Pu Pu Pu Pu
Figure 8.3.3 - MOX-UE mass flows
On the other hand, CONFU-B assemblies are designed to deplete TRU with every cycle,
and hence withdraw TRU from the repository each time they are loaded. Figure 8.3.4 shows
the CONFU-B strategy and its associated mass flows. All the TRU from each cycle is loaded
into the next cycle, along with additional TRU mass from the repository. Thus the repository
burden imposed by this cycle is the burden of the last assembly minus the TRU drawn from
the repository for each cycle.
162
egacy TRU/Repository 
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Legacy TRU/Repository
Last Assembly
TRU TRU TRU TRU TRU TRU
Figure 8.3.4 - CONFU-B mass flows
Table 8.3.II lists the parameters for charge and discharge for each TRU multirecycling
strategy. Note that the basis is kg/assembly, as these data are not normalized for energy yet.
For consistency, all strategies will be compared through cycle seven. Again, fission products
are ignored, as are reprocessing losses.
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Table 8.3.II - TRU masses (kg) per assembly at Charge and Discharge for TRU
Multirecycling, first 7 recycles
Cycle # 1 2 3 4 5 6 7
CONFU-B 6-yr Charge 15.4 30.8 27.9 24.9 24.9 24.9 24.9
cooling Discharge 11.9 26.0 24.3 22.4 22.5 22.6 22.6
Repository mass A per cycle -15.4 -18.9 -1.9 -0.6 -2.5 -2.4 -2.3
cumulative -15.4 -34.3 -36.2 -36.8 -39.3 -41.7 -44
CONFU-B 16.5-yr Charge 15.4 22.0 20.5 19.1 17.6 17.6 17.6
cooling Discharge 11.7 19.7 19.2 18.2 17.2 17.2 17.2
Repository mass A per cycle -15.4 -10.3 -1.8 +0.1 +0.8 -0.4 -0.4
cumulative -15.4 -25.7 -26.5 -26.4 -25.8 -26.2 -26.6
CONFU-B Remix Charge 15.4 20.0 30.8 24.9 22.0 22.0 22.0
Discharge 11.9 16.3 26.8 22.7 20.7 20.7 20.7
Repository mass A percycle -15.4 -8.1 -14.5 +1.9 +0.7 -1.3 -1.3
cumulative -15.4 -23.5 -38.0 -36.1 -35.4 -36.7 -38.0
CORAIL-TRU Charge 11.1 13.1 15.1 16.9 18.6 20.0 21.4
[Taiwo, et. al., Discharge 13.1 15.1 17.0 18.7 20.2 21.5 22.8
2004]
Repository mass A per cycle -11.1 0 0 +0.1 +0.1 +0.2 +0.1
cumulative -11.1 -11.1 -11.1 -11.0 -10.9 -10.7 -10.6
U0 2  Charge 0 0 0 0 0 0 0
Discharge 5.8 5.8 5.8 5.8 5.8 5.8 5.8
Repository mass A per cycle +5.8 +5.8 +5.8 +5.8 +5.8 +5.8 +5.8
cumulative +5.8 +11.6 +17.4 +23.2 +29.0 +34.8 +40.6
CONFU-B (6-yr) will be used as an
load for cycle one is 15.4 kg TRU. This
example
is drawn
of how the masses are tracked. The initial
from the repository resulting in a change of
-15.4 kg. The EOC TRU (11.9 kg) is recycled into cycle two. However, since cycle two
requires a load of 30.8 kg, an additional 18.9 kg must be drawn from the repository (11.9 +
18.9 = 30.8). Thus, the total TRU withdrawn from the repository at the end of cycle two is -
34.3 kg. This pattern repeats until a total of 44 kg TRU is drawn from the repository. The
assembly at the end of cycle seven has 22.6 kg TRU and this needs disposal. Thus, this
strategy will be "charged" for the disposal of this last CONFU-B assembly, and will be
"credited" for the 44 kg TRU withdrawn from the repository. This burden will then be
normalized to the 7 U0 2 assemblies (40.6 kg of spent U0 2 TRU total) it effectively replaces.
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Finally, Pu-only strategies, like MOX-UE and CORAIL-Pu generate Am and Cm with
each recycle that require disposal. These actinides count toward the repository burden
imposed by these cycles. Therefore, the Pu-only recycle strategies will be charged with the
cycle seven disposal, credited for Pu withdrawn from the repository, and charged for the MA
that are separated out with each cycle.
Table 8.3.11I lists the isotopic composition of a reference MA composition that will be
used to determine the repository burden for the MA charge assessed to MOX-UE and
CORAIL-Pu. This composition is the MA vector that is separated from MOX-UE after
recycle 5. The composition of this MA vector slowly asymptotically increases with multi-
recycling, and will be used as a proxy for all MA vectors for simplicity. It was calculated
using CASMO4 using the assembly and reactor parameters published by CEA [Youinou, et.
al., 2003]. Table 8.3.IV lists the parameters for charge and discharge for each Pu
multirecycling strategy.
Table 8.3.111 - MA vector used to determine repository burden, 1 kg of MA
Isotope Mass (grams)
Am-241 230
Am-243 439
Cm-242 36.4
Cm-243 1.53
Cm-244 256
Cm-245 35.5
Cm-246 2.20
Cm-247 0.042
Cm-248 0.002
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Table 8.3.IV - TRU masses (kg) per assembly at Charge and Discharge for Pu
Multirecycling and MA storage, first 7 recycles
Cycle # 1 2 3 4 5 6 7
MOX-UE Charge 41.9 54.0 54.0 54.0 54.0 54.0 54.0
[Youinou, et. al., Discharge 27.3 37.4 38.5 39.0 39.3 39.5 39.6
2003]
Repository Pu A per cycle -41.9 -26.7 -16.6 -15.8 -15 -14 -15
cumulative -41.9 -68.6 -85.2 -101 -116 -130 -145
MOX-UE Charge 0 0 0 0 0 0 0
[Youinou, et. al., Discharge 3.7 4.8 5.1 5.2 5.3 5.4 5.4
2003]
Repository MA A per cycle +3.7 +4.8 +5.1 +5.2 +5.3 +5.4 +5.4
cumulative +3.7 +8.6 +13.7 +18.9 +24.2 +29.6 +35.0
CORAIL-Pu Charge 11.1 12.5 13.3 13.3 13.6 13.6 13.6
[Kim, 2002] Discharge 12.0 13.2 13.9 13.9 14.3 14.3 14.3
Repository Pu A per cycle -11.1 -0.5 -0.1 +0.5 +0.3 +0.7 +0.7
cumulative -11.1 -11.6 -11.7 -11.1 -10.8 -10.1 -9.4
CORAIL-Pu Charge 0 0 0 0 0 0 0
[Kim, 2002] Discharge 0.9 1.1 1.2 1.2 1.3 1.3 1.3
Repository MA A per cycle +0.9 +1.1 +1.2 +1.2 +1.3 +1.3 +1.3
cumulative +0.9 +2.0 +3.2 +4.4 +5.7 +7.0 +8.3
U0 2  Charge 0 0 0 0 0 0 0
Discharge 5.8 5.8 5.8 5.8 5.8 5.8 5.8
Repository mass A per cycle
cumulative +5.8 +11.6 +17.4 +23.2 +29.0 +34.8 +40.6
Finally, these masses can all be scaled from kg/assembly to kg/GWde. For details, see
appendix B. The "net" repository burden is summarized in Table 8.3.V. Note that the credit
for withdrawals from the repository will be 1 kg of spent UO2 TRU for each kg withdrawn.
The charge for MA separation will be larger since the radiation burden for 1 kg of MA is
larger than 1 kg TRU from spent U0 2.
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Table 8.3.V - Net repository burden imposed by each strategy, masses in kg/GWde
Charge for 7 Credit for Withdrawls Charge for
cycles (kg TRU from spent MA separation
UO 2) (kg of MA)
CONFU-B (6-yr) 1 Assy -5.59 0
CONFU-B (16.5-yr) 1 Assy -3.38 0
CONFU-B (Remix) 1 Assy -4.82 0
CORAIL-TRU 1 Assy -1.33 0
CORAIL-Pu 1 Assy -1.18 +1.04
MOX-UE 1 Assy -16.39 +3.96
U0 2  +5.31 kg TRU 0 0
After accounting for all the mass flows, normalizing for energy, and normalizing to the
U0 2 once-through strategy, we can now assess the repository burden for each multirecycling
strategy. For all cases, ORIGEN-ARP was used to calculate heat load, radioactivity, and
radiotoxicity.
The results for the decay heat comparison are given in Figure 8.3.5. A decay heat index
of 1.00 indicates that a recycling strategy imposes the same heat burden on the repository as
the once-through strategy after seven cycles for the same energy produced. An index greater
than 1.00 indicated that the once-through strategy imposes more burden, while an index less
than 1.00 indicates the multirecycling strategy imposes less burden. It is interesting to note
that the index can be negative. This is due to the fact that multirecycling strategies are
credited with the TRU they withdraw from the repository. Thus, a negative index means that
the repository burden due to employing the multirecycling strategy to generate energy is less
than if no energy were produced at all, and the legacy TRU simply disposed of. This is most
notably true for the MOX-UE strategy, due to the large Pu loading required to sustain this
cycle. Again, recall that this repository burden includes the full disposal (no reprocessing) of
the fuel discharged after cycle seven.
Also note that all strategies perform better than the once-through UO2 after about 50
years. Since the current design for the Yucca Mountain repository is heat load limited, this
implies that when the spent fuel is disposed of, it would require some short-term storage
before being placed in the repository.
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Another interesting feature occurs near the 10,000 year mark when all the strategies
index's begin to rise. At this point, the decay heat from daughter products in the U-238 and
Np-237 decay chains begin to dominate. Since multirecycled fuel begins its repository life
with heavier isotopes than the once-through cycle, the onset of this effect is delayed for
multirecycled fuel, and the decay heat from these chains is increasing while it is past its peak
for the once-through cycle. Even so, the decay heat index remains below 1.00.
In general, MOX-UE has the lowest decay heat index of the multirecycling strategies
assessed. The CONFU strategies are the next best in the 100 to 10,000 year timeframe, while
the CORAIL-Pu is consistently lower than the CORAIL-TRU.
Figure 8.3.5 - Decay Heat Repository Burden imposed by strategy, per GWde,
normalized to spent UO2 fuel.
The results for the radioactivity comparison are given in Figure 8.3.6. Note that again,
MOX-UE has the lowest index of all the cycles, followed, in order, by CONFU (6-yr),
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Figure 8.3.7 - Radiotoxicity Repository Burden imposed by strategy, per GWde,
normalized to spent UO 2 fuel.
8.4 Chapter Summary
In this chapter, we utilized ORIGEN-ARP to calculate key radiation parameters for the
spent fuel from several multirecycling strategies in order to assess their impact on short-term
fuel handling and reprocessing, as well as the long-term repository impact. The effects due to
fission products were ignored, and only actinides were considered in the comparison.
Fuel handling and recycling parameters were compared to the current MOX mono-
recycle practice, as well as some postulated fuel handling requirements for some advanced
reactor fuels available in the literature. Fuel handling of multirecycled fuel is clearly more
challenging than for current MOX practice. However, it appears that decay heat found for all
strategies is tolerable. Spontaneous neutron generation is much higher than in current
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CONFU (Remix), CONFU (16.5-yr), CORAIL-Pu, and CORAIL-TRU. It's interesting to
note that the first four strategies in this list are ranked in order of the TRU mass they draw
from the repository (see again, Table 8.3.V). Also note that all cycles have an index less than
1.0, indicating that they all impose less radioactivity burden than the once-through cycle.
Repository Burden, Normalized Radioactivity
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> -0.50
.9 -1.00
-1.50
-2.00
-2.50
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06
years
- CORAIL-TRU
-- CORAIL-Pu
- CONFU-B, 16.5-yr
-- CONFU-B, Remix
-.- CONFU-B, 6-yr
---- MOX-UE
Figure 8.3.6 - Radioactivity Repository Burden imposed by strategy, per GWde,
normalized to spent UO 2 fuel.
Finally, Figure 8.3.7 shows the Radiotoxicity Index for the strategies. Again, MOX-UE
has the lowest index, and is negative throughout the timeframe studied. The relative order of
the curves is similar to the Decay Heat Index. And, with the exception of CORAIL-TRU, all
indices are below 1.00 from 30 years after discharge for the duration of time studied. The fact
that CORAIL-TRU has its Radiotoxicity Index go above 1.00 after 100,000 years should not
be cause for alarm, since the level of radiotoxicity at that time has decayed by several orders
of magnitude.
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practice, so remote handling and additional shielding would be required. The same is true for
gamma power.
In general, recycling Pu only produces the least challenging fuel, while recycling all TRU
is more challenging. In addition, longer cooling times (or the Remix strategy) help reduce
material handling indices, as does the use of inert matrix fuels, like in CONFU.
As is expected, multirecycling reduces the repository burden per GWde generated for all
strategies compared to once-through. This holds true even if multirecycling is terminated
after seven recycles, and the remaining fuel is placed in the repository. Of all the strategies
considered, MOX-UE imposed the least burden on the repository, followed by CONFU-B,
and then CORAIL. However, it should be noted that the decay heat for TRU recycling
strategies is higher than once-through for the first 50 years, implying that short term storage
prior to repository emplacement could be required. If multirecycling is not terminated after
seven cycles, then the repository burden imposed by these strategies would be much lower.
171
172
Chapter 9 -Fuel Cycle Costs
An important factor in determining whether or not a nuclear fuel cycle technology
innovation is successful is its economic viability. In particular, advanced fuel cycles that
improve the safety, reliability, proliferation resistance, and/or waste characteristics of the
current once-through cycle will always be judged first on their economic performance. For
example, a number of economic studies have concluded that closing the fuel cycle for Pu, as
is currently practiced in France, increases its cost [Bunn, et. al., 2003], [OECD/NEA, 1994].
On the other hand, recycling Pu also has some waste management benefits. A full
understanding of the cost differential between the open and closed fuel cycle allows one to
effectively assess the cost associated with reducing the burden on the repository.
9.1 Methodology
For this analysis, we make some simplifying assumptions. First, since all the
multirecycling strategies rely on current PWR technology, the capital costs associated with
plant construction will be assumed to be equal. It should be noted that a core fully loaded
with Pu, such as a European Pressurized Water Reactor (EPR) with MOX-UE assemblies,
would require additional reactivity control compared to current practice. However, since the
additional costs for these control measures are likely to be small compared to total plant
capital costs, they are ignored in this analysis.
Additionally, all fuel cycle strategies assessed are assumed to incur equivalent O&M costs
during plant operation. Therefore, only the costs associated with the fuel cycle will be
considered in making the comparison. We will calculate the fuel cycle costs for the first and
seventh cycle of each strategy.
Fuel cycle costs will be considered from the point of view of the fuel manager of an
operating PWR, who is making a decision on what type of fuel to use for the next core batch.
The manager can choose a standard UO2 batch, or can choose one of the multirecycling
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strategies. The strategy chosen dictates the fuel pin types that must be fabricated, their TRU
loading and uranium enrichment, as well as the mass flows involved. There are five different
fuel pin types used by the recycling strategies in this analysis, and the assemblies that use
them are listed in Table 9.1.1. Alternately, the fuel types used by each assembly are listed in
Table 9.1.II.
Table 9.1.1 - Fuel Pin Types
Fuel Pin Composition Assembly
UO2  Enriched Uranium U0 2, CORAIL, CONFU
MOX-Pu Depleted U + Pu MOX-UE (Cycle 1), CORAIL-Pu
MOX-TRU Depleted U + TRU CORAIL-TRU
MOX-UE Enriched U + Pu MOX-UE (Cycle 7)
FFF Inert Matrix + TRU CONFU
Table 9.1.11 - Fuel Pin Types for each Assembly design
Fuel Pin Assembly
Type UO2 MOX-UE CORAIL-Pu CORAIL-TRU CONFU
U0 2  x x x x
MOX-Pu x (Cycle 1) x
MOX- x
TRU
MOX-UE x (Cycle 2+)
FFF x
Producing each type of fuel pin has its own associated process steps. In addition, the mass
flows at each process step are different for each fuel type, recycling strategy, and recycle
number. The process steps for each type of fuel are shown in Figures 9.1.1 (a) through (e).
Mining & Mi Conversion I-- Enrichment H- Fabrication H Reactor t-- DisposalMilling
Figure 9.1.1 (a) - Processing Steps for UO2 fuel pins
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Calculations for the separative work units (SWU) required for the different enrichments
used assume natural uranium feed (0.711 w/o) and tails equal to 0.25 w/o. This tail
enrichment is used for the depleted uranium feed used for MOX fuel.
For the recycling strategies, a credit will be given for the reduction in the disposal of the
spent nuclear fuel (either UOX, MOX, or IMF), and an additional charge will be assessed for
disposal of the high level waste (HLW) generated during reprocessing [see Figure 9.1.1 (b)].
During reactor irradiation, the standard fee on electricity will be assessed and credited to an
account for SNF disposal. Effectively, this means the $400/kg HM disposal fee (see Table
9.1.111) assessed at the end of irradiation is a proxy for the 1 mill/kWhe standard electricity
fee. This disposal fee could serve as the SNF credit for the next cycle. Note that the depleted
uranium used to make the MOX fuel has essentially already been paid for during a previous
enrichment, and therefore its cost (which is essentially transportation and handling) will be
neglected. The same process charges are assessed for MOX-TRU fuel; only the recycled
material changes.
Pu
SNF Credit Reprocessing Fabrication Reactor Disposal
HLW Disposal Depleted U
Figure 9.1.1 (b) - Processing Steps for MOX-Pu fuel pins
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TRUSNF Credit 
- Reprocessing Fabrication Reactor Disposal
HLW Disposal Depleted U
Figure 9.1.1 (c) - Processing Steps for MOX-TRU fuel pins
There is an important difference in MOX-UE fuel [see Figure 9.1.1 (d)] for the second and
later cycles in that strategy. Instead of depleted uranium, the MOX is made with enriched
uranium. This enriched uranium incurs the same costs as the equivalent mass of U0 2 fuel.
The cost of fabrication of MOX fuel is not affected by the enrichment level of the UOX
matrix.
SNF Credit --- •Reprocessing • I Fabrication I Reactor Disposal
EnrichedU
Figure 9.1.1 (d) - Processing Steps for MOX-UE fuel pins
For FFF fuel [Figure 9.1.1 (e)], the same credit applies for the SNF, as do the charges for
HLW disposal. The cost for the inert matrix is included in the cost of FFF fabrication.
ISNFcred it  TRU o . p I
SNF Credit -- Reprocessing . Fabrication .. Reactor Disposal
Inert Matrix
Figure 9.1.1 (e) - Processing Steps for FFF fuel pins
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There is a cost for each process step, usually given in $/kg HM or $/kg SWU. To
calculate the full Fuel Cycle Cost (FCC), we must not only account for the cost of each
process step, but also the cost of capital that pays for that step, since the revenue from the
batch of fuel doesn't begin until it is emplaced in a reactor and begins generating electricity.
This cost of capital can be complex if we fully account for an interest rate derived from a
portfolio of debt and equity, a rate of inflation, taxes, and depreciation of the capital expense.
However, a reasonable approximation is to assess a carrying charge factor (4) to account for
the cost of capital. This was the method employed in [Deutch, et.al., 2003]. This method is
appropriate for cost-of-money calculations involving approximately 10 time periods or less.
The carrying charge factor we will use for this analysis will be 4 = 10%. A simple
expression for the fuel cycle cost then becomes [Deutch, et. al., 2003]:
FCC = MiM· C, +jMi -C, -•-ATi (9.1.1)
where:
* FCC = Fuel Cycle Cost [$]
* Mi = Mass processed in stage i [kg]
* Ci = Unit cost for stage i [$/kg]
* = carrying charge factor [yr']
* ATi = time from the point where a cost is incurred to the midpoint of the fuel
irradiation [yr]
The costs associated with each process step for each fuel type are depicted in Table
9.1.II1. In addition, the time from the process step to the midpoint of fuel irradiation is
included. All fuel stage costs and time parameters are taken from [Deutch, et.al., 2003],
except for the FFF reprocessing and fabrication costs, which are taken from [OECD/NEA,
2002b]. In addition, we have assumed that UO2 reprocessing and MOX reprocessing have the
same cost, as was stated in the OECD study.
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Table 9.1.111 - Fuel Stage Costs
Fuel Cycle Step Cost (Ci) Units ATi
Mining & Milling 30 $/kg HM Feed 4.25 years
Conversion 8 $/kg HM Feed 4.25 years
Enrichment 100 $/kg SWU 3.25 years
U0 2 Fabrication 275 $/kg HM Product 2.75 years
SNF Credit - 400 $/kg HM 10.25 years
U0 2/MOX-Pu Reprocessing 1,000 $/kg HM Spent Fuel 4.25 years
HLW Conditioning and 300 $/kg HM Spent Fuel 3.25 years
Disposal
MOX-Pu Fabrication 1,500 $/kg HM MOX 3.25 years
FFF/MOX-TRU Reprocessing 7,000 $/kg HM in FFF 4.25 years
FFF/MOX-TRU Fabrication 11,000 $/kg HM in FFF 4.25 years
Spent fuel disposal 400 $/kg HM -2.25 years
There are a few important points to make about the data in Table 9.1.III. First is the ATi
value used for the SNF credit. "The Future of Nuclear Power" used a value of 4.25 years,
which represents the time from when reprocessing begins until the mid-pint of irradiation.
However, the $400/kg HM fee for spent fuel disposal occurs at the middle of the previous
cycle's irradiation, and this fuel is expected to cool for 6-years before it can be reprocessed.
Therefore, the money collected for spent fuel disposal collected during irradiation can
accumulate interest for those additional 6 years. Therefore, the ATi value used in this analysis
will be conservatively taken as 4.25 + 6 = 10.25 years.
In previous studies, how the "disposal fee" has been treated is termed the "waste view" or
a "fuel view" approach. In the "waste view" approach, the cost of reprocessing is collected
from the fuel that generated the waste. In the "fuel view", the cost of reprocessing is collected
from the revenues generated from the recycled fuel during its irradiation [Boscher, et. al.,
2004].
In fact, these two views are at opposite ends of a continuum, and the "disposal fee," which
directly effects the "spent fuel credit," determines how strongly one view or the other is
favored. For example, if there is no disposal fee (and hence no spent fuel credit), then all the
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costs of reprocessing are born by the reprocessed fuel. This exclusive "fuel view" makes the
once-through cycle look cheaper, and reprocessing look more expensive.
On the other hand, if the disposal fee (and hence spent fuel credit) are very high, then the
once-through cycle looks more expensive, and recycling looks cheaper. A large disposal fee
also can earn interest during the time that the spent fuel is allowed to cool, and can therefore
make the overall fuel cycle (with multiple recycles) look more attractive. Specifically, earlier
fuel cycles do become more expensive, but later recycles become less expensive by a greater
amount due to the earning power of the money collected from the earlier cycle. In fact, the
disposal fee could be raised to the level where all the reprocessing costs are borne by the cycle
that generates the waste. This would be an exclusively "waste view" approach.
In particular, the extra 6 years of time that the disposal fee is allowed to collect interest in
this report, compared to "The Future of Nuclear Power," has the effect of decreasing the costs
for cycles that reprocess large quantities of SNF, such as MOX-UE. The fuel cycle cost
(FCC) for MOX-UE decreases by about 7-15% due to the longer ATi used in this analysis,
depending on the recycle number. Strategies that use heterogeneous assemblies, such as
CORAIL and CONFU, see a reduction in FCC of about 3-12 %, depending on recycle. This
is largely due to the fact that these strategies only use a maximum of 84 TRU bearing pins per
assembly, with the remainder being UO2 pins.
Note that UO2 and MOX-Pu are assumed to have the same cost to reprocess, while FFF
pins from CONFU assemblies and MOX-TRU pins are significantly more expensive to
reprocess and fabricate. This increase in cost is based on experience in fabricating LWR-
MOX and FR-MOX fuel where "the presence of significant quantities of the minor actinides
(particularly the high-activity alpha-emitting americium and plutonium isotopes as well as
neutron-emitting curium) demands a new design for fuel fabrication plants to allow for remote
handling and criticality concerns" [OECD/NEA, 2002b]. These cost estimates by
OECD/NEA were for an inert matrix fuel based on a zirconia matrix.
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The higher cost of reprocessing for TRU or MA loaded fuels quoted by the OECD/NEA
study was also used by [Shwageraus, et. al, 2003] for a CONFU-E FFF with a spinel matrix.
Spinel is difficult to reprocess as it was designed for a once-through, then-out (OTTO) cycle
and was expected to be the ultimate waste form after a single Pu or TRU recycle [Yamashita,
et. al., 2002]. Zirconia based fuels present reprocessing challenges similar to spinel based
fuels due to lack of solubility in nitric acid, currently used in aqueous recycling processes.
The MgO-ZrO 2 inert matrix used for the FFF in CONFU-B assemblies is at least partially
soluble in nitric acid, and therefore promises to be more reprocessable than spinel or zirconia-
only based FFF [Medvedev, et. al., 2006]. As the development of this material continues, or
an easily reprocessed oxide inert matrix is found, it is expected that the cost to reprocess FFF
could come down. The same is true for improvements in technology for fabricating the IMF
dispersion fuel. However, the increase in MA accumulation with multi-recycling may cause
the fuel to exceed the radiation limits for reprocessing and fabrication plant design and lead to
increased costs. As a result, cost factors for FFF/MOX-TRU from Table 9.1.111 will be used
as a central value, with the understanding that there is uncertainty in the central value due to
the lack of experience with these fuels.
In the end, we have five basic fuel pin types, with differing costs for their individual
process steps. In addition, the amount of enrichment or TRU/Pu loading for each fuel pin
type effects the cost per pin, and this can vary by recycle number. Thus, to make fuel cycle
cost calculations, we must track the HM in each assembly by pin type.
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9.2 Cycle 1 Fuel Cycle Costs
Once the fuel cycle cost (FCC) has been computed for a cycle, we can then calculate the
cost per kWhe of the electricity produced by irradiating the fuel. For the first cycle in each
strategy, we will reprocess spent UO2 fuel to obtain the Pu or TRU required. The TRU HM
masses from one kg of spent U0 2 fuel are given in Table 9.2.I. Values are calculated by
CASMO for 50 MWd/kg fuel.
Table 9.2.1 - Transuranic Actinides from one kg spent UO 2 fuel, 50 MWd/kg
Component Mass (kg)
Pu 0.0110
TRU 0.0125
The TRU (or Pu) loading requirements per assembly
recycling strategies are given in Table 9.2.11. Note that for
CONFU-B have identical loadings. Also note that there
cycle of MOX-UE.
for the first cycle for each of the
the first cycle, the three variants of
is no U0 2 enrichment in the first
Table 9.2.11 - Number of Pins and Material Loading Required for the first cycle, per
assembly, per recycle strategy
Assembly Type
UO2
MOX-UE
CORAIL-Pu
CORAIL-TRU
CONFU-B
Number of Fuel Pins Required
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UO2  MOX-Pu MOX-TRU MOX-UE IMF
264 @ 0 0 0 0
4.2 w/o
0 264 @ 0 0 0
9.3 w/o Pu
180 @ 84 @ 0 0 0
4.15 w/o 6.5 w/o Pu
180 @ 0 84 @ 0 0
4.72 w/o 6.57 w/o TRU
180 @ 0 0 0 84 @
4.2 w/o 10 v/o TRU
Using these pin types and the loadings given, we can calculate the mass requirements, by
pin type, for each assembly type. The mass quantities required for either TRU or Pu are
reprocessed from spent U0 2 fuel for the first recycle. The masses required are listed in Table
9.2.11, along with the total UO2 mass required at the specified enrichment.
Table 9.2.111 - HM Mass per assembly, charge stage, cycle 1
Mass Required, by pin type, per Assembly
Assembly Type UO2 MOX-Pu MOX- MOX- IMF
TRU UE
UO 2  463 kg @ 0 0 0 0
4.2 w/o
MOX-UE 0 48.1 kg Pu 0 0 0
CORAIL-Pu 365 kg @ 11.1 kg Pu 0 0 0
4.15 w/o
CORAIL-TRU 365 kg @ 0 11.1 kg 0 0
4.72 w/o TRU
CONFU-B 358 kg @ 0 0 0 15.4 kg
4.2 w/o TRU
Finally, we can calculate the throughput masses required for reprocessing of spent UO2
and for fabrication of MOX and IMF. Table 9.2.IV shows the throughput masses involved in
these cycle 1 assemblies.
Table 9.2.IV -Mass throughputs per assembly, charge stage, cycle 1
Assembly Type TRU (or Pu) Spent U0 2 HM Fuel fabricated
HM needed reprocessed
MOX-UE 48.1 kg Pu 4,373 515 kg MOX-Pu
CORAIL-Pu 11.1 kg Pu 1,009 170 kg MOX-Pu
CORAIL-TRU 11.1 kg TRU 888 170 kg MOX-TRU
CONFU-B 15.4 kg TRU 1,232 15.4 kg HM in FFF
Using these total mass requirements, along with the cost data provided in Table 9.1.111, we
can calculate the total fuel cycle cost per assembly, including carrying charges, using
Equation 9.1.1. The results of these calculations are given in Table 9.2.V. And finally, using
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the total energy generated per assembly, we can calculate the FCC in mills per kWhe. Those
results are presented in Table 9.2.VI.
Table 9.2.V - Fuel Cycle Cost (FCC), dollars per assembly, cycle 1
Assembly Type Cost per assembly ($ million)
MOX-UE 5.45
CORAIL-Pu 2.06
CORAIL-TRU 4.14
CONFU-B 2.33
U0 2 0.89
There are two important trends to note from Table 9.2.V. The first is that the cost of
CORAIL-Pu and CORRAIL-TRU assemblies differ by a factor of two, while they both use
the same number of MOX pins and use approximately the same enrichment in their UO 2 pins.
The critical difference between these two assemblies, is that CORAIL-Pu uses MOX-Pu pins
that cost $1,500/kg HM to fabricate while CORAIL-TRU uses MOX-TRU pins that cost
$11,000/kg HM to fabricate.
The other important trend to note is that CONFU-B (which also recycles TRU), is
significantly less expensive than CORAIL-TRU. Here, both assemblies use 84 TRU bearing
pins (either MOX or FFF). The key difference here is that the cost of fabricating MOX-TRU
and FFF is the same at $11,000/kg HM, but a FFF pin has only 10% of the HM mass as a
MOX pin in the first cycle.
Table 9.2.VI - Fuel Cycle Cost (FCC), mills per kWhe, cycle 1
Assembly Type mills per kWhe
MOX-UE 25.7
CORAIL-Pu 11.2
CORAIL-TRU 22.5
CONFU-B 12.3
UO2 4.9
The most expensive strategy for cycle one is the MOX-UE. This is largely due to the fact
that this strategy loads approximately 3-4 times as much TRU per assembly as any other
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strategy. This requires the reprocessing of approximately 9 spent U0 2 assemblies to get
enough Pu to load one MOX-UE assembly.
And again, the CORAIL-TRU and CONFU-B strategies have high prices due to the fact
that they use TRU in their fuel, and hence incur the $11,000 per kg fabrication cost, instead of
the $1,500 per kg fabrication cost that CORAIL-Pu incurs. And CONFU-B is cheaper than
CORAIL-TRU because FFF pins have less HM mass than MOX pins.
In summary, the first cycles for each strategy are approximately 2.5 to more than 6 times
as expensive as the once-through U0 2 cycle. It should be noted that [Deutch, et. al., 2003]
calculated the FCC for monorecycling MOX (which is essentially the same fuel as MOX-UE
cycle 1) at 22.4 mills/kWhe. That number was the result of using spent UO2 fuel with slightly
higher Pu content than used in this report, and a MOX load of 7% Pu, which is less than the
9.3% used for MOX-UE.
A similar analysis can be made for the seventh cycle in each of the multi-recycling
strategies. However, in this case, the assemblies are not fueled with the TRU from spent U0 2
assemblies, but instead are fueled with the TRU from the sixth cycle within their own
strategy. Thus, the strategies that recycle TRU incur the additional cost to reprocess their
more radioactive fuel, rather than the cheaper U0 2/MOX-Pu reprocessing.
9.3 Cycle 7 Fuel Cycle Costs
Although there is additional cost for handling multi-recycled TRU, this is mitigated by the
fact that not all pins in an assembly contain multi-recycled TRU. In fact, the majority of pins
in heterogeneous assemblies like CONFU or CORAIL are standard U0 2 pins, and thus these
pins cost the same to reprocess as the U0 2 pins from a standard all-U0 2 assembly. The HM
masses for one kg of spent fuel for each strategy are given in Table 9.3.I.
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Table 9.3.1 - Transuranic Actinides from one assembly spent fuel, sixth cycle
Strategy Mass (kg)
MOX-UE 45.3 Pu
CORAIL-Pu [Kim, 2002] 14.3 Pu
CORAIL-TRU [Taiwo, et.al., 2004] 21.5 TRU
CONFU-B (6-yr) 22.6 TRU
CONFU-B (16.5-yr) 17.2 TRU
CONFU-B (Remix) 20.7 TRU
The TRU (or Pu) loading requirements per assembly for the seventh cycle for each of the
recycling strategies are given in Table 9.3.II. Note that for the seventh cycle, the three
variants of CONFU-B have different numbers of FFF pins, and so their costs are assessed
separately in this section. Also note that 3 w/o UO2 enrichment is used in the seventh cycle of
MOX-UE.
Table 9.3.11 - Number of Pins and Material Loading Required for the seventh cycle, per
assembly, per recycle strategy
Using these pin types and the loadings given, we can calculate the mass requirements, by
pin type, for each assembly type. The mass quantities required for either TRU or Pu are
reprocessed from the spent fuel for the sixth recycle in the strategy. The masses required are
listed in Table 9.3.111, along with the total UO2 mass required at the specified enrichment.
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Assembly Type
MOX-UE
CORAIL-Pu
CORAIL-TRU
CONFU-B
(6-yr)
CONFU-B
(16.5-yr)
CONFU-B
(Remix)
Number of Fuel Pins Required
UO2  MOX- MOX- MOX- IMF
Pu TRU UE
0 0 0 264 @ 0
9.3 w/o
180 @ 84 @ 0 0 0
4.57 w/o 8.00 w/o
180 @ 0 84 @ 0 0
5.04 w/o 11.93 w/o
196 @ 0 0 0 68 @
5.0 w/o 20 v/o
216 @ 0 0 0 48 @
5.0 w/o 20 v/o
204 @ 0 0 0 60 @
5.0 w/o 20 v/o
Table 9.3.III - HM Mass per assembly, charge stage, cycle 7
Mass Required, by pin type, per Assembly
Assembly Type UO2 MOX-Pu MOX- MOX- IMF
TRU UE
MOX-UE 454.2 kg @ 0 0 61.9 kg 0
3.0 w/o Pu
CORAIL-Pu 365 kg @ 13.6 kg Pu 0 0 0
4.57 w/o
CORAIL-TRU 365 kg @ 0 21.4 kg 0 0
5.04 w/o TRU
CONFU-B 389.6 kg @ 0 0 0 24.9 kg
(6-yr) 5.0 w/o TRU
CONFU-B 429.4 kg@ 0 0 0 17.6 kg
(16.5-yr) 5.0 w/o TRU
CONFU-B 405.5 kg @ 0 0 0 22.0 kg
(Remix) 5.0 w/o TRU
Again, we can calculate the throughput masses required for reprocessing of spent UO2 and
for fabrication of MOX and IMF. Table 9.3.IV shows the throughput masses involved in
these cycle 7 assemblies. Note that the material recycled now comes from the respective
strategies' cycle 6 assemblies.
Table 9.3.IV -Mass throughputs per assembly, charge stage, cycle 7
Assembly Type TRU (or Pu) Spent Fuel HM Fuel fabricated
HM needed reprocessed
MOX-UE 69.1 kg Pu 704 kg MOX-UE 515 kg MOX-Pu
CORAIL-Pu 13.6 kg Pu 365 kg U0 2  170 kg MOX-Pu
170 kg MOX-Pu
CORAIL-TRU 21.4 kg TRU 365 kg UO2 170 kg MOX-TRU
170 kg MOX-TRU
CONFU-B 24.9 kg TRU 377 kg U0 2  24.9 kg HM in FFF
(6-yr) 20.1 kg HM in FFF
CONFU-B 17.6 kg TRU 386 kg U0 2  17.6 kg HM in FFF
(16.5-yr) 14.0 kg HM in FFF
CONFU-B 22.0 kg TRU 378 kg U0 2  22.0 kg HM in FFF
(Remix) 17.2 kg HM in FFF
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Using these total mass requirements, along with the cost data provided in Table 9.1.III, we
can calculate the total fuel cycle cost per assembly, including carrying charges, using
Equation 9.1.1. The results of these calculations are given in Table 9.3.V.
Table 9.3.V - Fuel Cycle Cost (FCC), dollars per assembly, cycle 7
Assembly Type Cost per assembly ($ million)
MOX-UE 2.41
CORAIL-Pu 1.58
CORAIL-TRU 5.35
COQNFU-B (6-yr) 2.15
CONFU-B (16.5-yr) 1.90
CONFU-B (Remix) 2.11
UO2 0.89
And finally, using the total energy generated per assembly, we can calculate the FCC in
mills per kWhe. Those results, along with the results from the cycle 1 FCC are presented in
Table 9.3.VI.
Table 9.3.VI - Fuel Cycle Cost (FCC), mills per kWhe, cycle 1 and 7
Assembly Type Cycle 1 Cycle 7
(mills per kWhe) (mills per kWhe)
MOX-UE 25.7 11.3
CORAIL-Pu 11.2 8.7
CORAIL-TRU 22.5 29.1
CONFU-B (6-yr) 12.3 11.4
CONFU-B (16.5-yr) 12.3 10.0
CONFU-B (Remix) 12.3 11.2
U0 2 4.9 4.9
It's interesting to note that the FCC for the Pu recycle strategies is reduced with later
recycles. This is almost entirely due to the fact that they are able to draw their Pu or TRU
load primarily from the previous assembly in their own strategy. The assemblies that they
draw from have a much larger mass of Pu than do spent U0 2 assemblies. Thus, they require
reprocessing significantly less MOX spent fuel mass for cycle 7 than the UO2 reprocessing
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required for their first load. This reduction of the FCC occurs since spent U0 2 and spent
MOX-Pu cost the same to reprocess.
CORAIL-TRU sees its FCC increase largely due to the increased costs of MOX-TRU
reprocessing as opposed to UO2 reprocessing for cycle 1. This effect also occurs in the
CONFU-B strategies, but is countered by the reduction in FFF pins loaded per assembly. The
first cycle CONFU-B assembly uses 84 FFF pins, while the cycle 7 assemblies use from 48 to
68 FFF pins (see Table 9.3.11 for details).
For comparison, [Boscher, et. al., 2004] used a disposal fee of $550/kg instead of the
$400/kg used in this study. This has the effect of making the FCC for UO2 more expensive
and the FCC for CONFU cheaper. In fact, the result of a $550/kg disposal fee is a FCC of 6.7
mills/kWhe. The equilibrium value FCC for CONFU is about 10 mills/kWhe.
9.4 Chapter Summary
This chapter provided an economic assessment of the multirecycling strategies analyzed in
this report. Based on the cost estimates for the process steps used in this analysis, the fuel
cycle costs associated with multirecycling are 2 to 6 times more than with current all-U0 2 fuel
assemblies following a once-through strategy. Based on this cost differential, there is not a
good economic argument for using multi-recycling to reduce the actinide burden on the
repository. However, as the disposal fee/spent fuel credit is increased, then reprocessing
begins to look more attractive relative to the once-through cycle.
One could argue that the political costs associated with establishing the repository at
Yucca Mountain are an externality that has not been fully priced into the cost of spent fuel
disposal. Even so, the HLW that comes from reprocessing fuel is made up largely of fission
products, which tend to dominate the characteristics of spent fuel in the repository for the first
few hundred years. Thus, any argument for multirecycling would likely have to be based on
the long-term benefits to the repository.
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Another argument that could be made is that the proliferation risk associated with the Pu
in the spent fuel is another externality that has not been fully accounted for in the direct
disposal costs. Proliferation risks associated with multirecycling vs. once-through will be
examined in Chapter 10.
Of the multirecycling strategies considered, a few trends are worth noting. Recycling Pu
only avoids the higher costs associated with recycling the full TRU vector, and hence
provides a cost advantage for these strategies. However, this advantage is lost for strategies
that load large amounts of Pu, such as MOX-UE. Heterogeneous assembly designs, such as
CORAIL and CONFU, are made up largely of U0 2 pins, and so the mass of TRU in these
assemblies is about 1/3 of the mass in MOX-UE. This mass difference outweighs the Pu vs
TRU processing costs and results in lower FCC for heterogeneous assemblies compared to
MOX-UE.
In addition, FFF pins are cheaper than MOX pins for an equivalent load of TRU. This is
due to the fact that process costs are based on a $/kg HM basis, and FFF pins only contain 10-
20 v/o heavy metal, where MOX pins are 100% HM.
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Chapter 10 - Proliferation Risk Assessment
The current once-through strategy for spent fuel management pursued by the United
States stems from a decision by President Carter in April 1977 to abandon reprocessing in
order to set an international example of good nonproliferation behavior [Rossin, 2001]. The
concern of the Carter administration was that the quantities of separated reactor-grade
plutonium that would be generated in closing the fuel cycle would lead to an increase in
proliferation risk. This chapter assesses the proliferation risk associated with the
multirecycling strategies studied in this report compared to the once-through cycle.
There are a number of approaches that can be used to assess the proliferation risks
associated with a fuel cycle. The DOE has published "Guidelines for the Performance of
Nonproliferation Assessments" [NNSA, 2003], and these guidelines outline two general
categories of methods historically used in nonproliferation assessments: attribute analysis and
scenario analysis. In addition, a third method, called the "two-sided" approach, that focuses
on the competition between the proliferator and the safeguarder has been used in
nonproliferation assessments [Ham H., et. al., 2005].
The scenario analysis approach focuses on quantification of the probability of success of
the steps on different proliferation pathways. As such, it relies heavily on the subjective
judgment of experts. The two-sided approach is useful in providing insight into the dynamic
processes between competitors, but does not lend itself readily for providing relative rankings
of alternatives.
The multi-attribute approach has an extensive history of use, and can give a comparative
ranking of alternatives. This approach assigns a value index (or utility function) to each
attribute of a system that can then be used to guide the decision maker in choosing among a
set of prespecified alternatives [Papazoglou, et. al., 1978]. The multi-attribute approach will
be used to compare the proliferation risk associated with the multirecycling strategies studied
in this report, as well as the once-through cycle.
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An assessment of proliferation risk using multi-attribute analysis of a reactor design and
its associated fuel cycle includes many intrinsic and extrinsic factors. Comparing thermal
multi-recycling strategies is relatively straightforward because most of the extrinsic factors
are very similar. For example, all the fuel cycles assessed in this chapter rely on identical fuel
geometries, use the same PWR operating envelope, use three-batch fuel management, etc.
The primary difference in risk has to do with the isotopic composition of the materials at
some stage of recycling or irradiation.
In general, many of the actinides involved in recycling have critical masses on the order of
a few 10's of kilograms or less. Plutonium is of particular concern because of the large
quantities available in spent fuel compared to the minor actinides. Specifically, Pu makes up
80-90% of the TRU in spent fuel, and makes up slightly more than 1% of the total heavy
metal mass of spent U0 2 fuel.
However, some isotopes of Pu and other TRU have radiation characteristics that make
them less desirable for weapons use. Table 10.I lists some of the key intrinsic material
characteristics that influence a material's desirability to proliferators.
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Table 10.I - Decay heat and spontaneous neutrons from various isotopes [NERAC,
2000]
Isotope Half-life Neutrons/sec- Watts/kg Critical
(yr) kg mass (kg)a
U-235 700x10 6  0.364 6x10-' 47.9
U-238 4.5x10 9  0.11 8x10 -6  Infinite
Np-237 2.1x106 0.139 0.021 59
Pu-238 88 2.67x106  560 10
Pu-239 24x10 3  21.8 2.0 10.2
Pu-240 6.54x10 3  1.03x10 7.0 36.8
Pu-241 14.7 49.3 6.4 12.9
Pu-242 376x10 3  1.73x106  0.12 89
Am-241 433 1540 115 57
Am-243 7.38x10 3  900 6.4 155
Cm-244 18.1 11x10 9  2,800 28
Cm-245 8.5x10 3  147x103  5.7 13
Cm-248 4.7x10 3  9x10 9  10 84
Bk-247 1.4x10 Nil 36 10
Cf-251 898 Nil 56 9
afor a bare sphere
In addition to back end concerns of the spent fuel, the uranium enriched at the front end of
the fuel cycle can also be diverted for weapons purposes. As a result, the International
Atomic Energy Agency (IAEA) has defined significant quantities (SQ) for several materials.
Those SQs are listed in Table 10.II below. A significant quantity of material requires
safeguards for Non-Proliferation Treaty non-weapon states [IAEA, 1972].
Table 10.II - IAEA SQs for some key materials [IAEA, 2002]
Material SQ (kg)
Plutonium 8
High-Enriched Uranium 25
(>20 w/o U-235)
Low-Enriched Uranium 75
(<20 w/o U-235)
Np-237 25
Am 25
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This analysis will not consider the front end of the fuel cycle for the following reasons.
All the strategies considered, both once-through and multirecycling, require some form of
uranium enrichment. And, uranium enrichment facilities can be modified to produce highly
enriched uranium (HEU). However, the upper limit of enrichment used by these strategies
does not exceed 5 w/o U-235, and the IAEA definition of HEU is 20 w/o. Thus, the front-end
aspects of these fuel cycles are not sufficiently different to discriminate the proliferation risk
associated with each cycle, and therefore the front-end aspects will be ignored in this analysis.
The back end of the fuel cycle, does have significant differences among the fuel cycles,
and therefore better serves as a discriminator. The once-through cycle, in particular involves
no reprocessing, while all the multi-recycling strategies produce various grades and quantities
of fissile materials. For this analysis, the basic extrinsic steps associated with the first 11.5
years of the back end of the fuel cycle, beginning with discharge from the reactor are:
* Cooling time (on site, 5 years)
* Transport to repository/reprocessing facility (0.1 years)
THEN
* Repository (6.4 years)
OR
* Reprocessing (0.9 years)
* Fabrication (0.9 years)
* Transport to reactor (0.1 years)
* Irradiation (4.5 years)
The mass flows, material compositions, and their intrinsic qualities will be considered at
each of these stages. In addition, these stages will be used to develop the accessibility index
in Section 10.6.
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10.1 Time Integrated Vulnerability Index (VI)
The proliferation risk assessment methodology used here is adapted from work by
[Boscher, et. al., 2004] and [Waltar, et. al., 2004] The approach used in this report assesses
four intrinsic factors that quantify the material attractiveness to proliferators and one extrinsic
factor that qualitatively describes the material accessibility for each stage of the fuel cycle.
We calculate values for each factor to come up with the overall vulnerability factor for the
material at some stage of the fuel cycle. The vulnerability factor for a material (Fi) is the
product of the four intrinsic factors and the one extrinsic factor, defined in detail below. The
expression used for the material vulnerability factor (Fi) is given in equation 10.1.1.
FE = fw f f,p f< (10.1.1)
where:
* fw = Suitability for weapons factor
* fh= Ease of handling factor
* fp = Plutonium purity factor
* fs = Ease of shielding from detection factor
Sfa = Accessibility factor
We can then multiply the Fi factor by the mass of significant quantities (Mi) at that stage
of the fuel cycle to calculate a static vulnerability index (VIs). This quantity represents the
attractiveness of the material and its accessibility at a given stage. We can calculate the VIs
for a fuel cycle stage using Equation 10.1.2.
VIs = M F - (10.1.2)
where:
* Mi = The mass of material (in modified SQ equivalents) at stage i in the fuel cycle
(for a full description of this term, see Section 10.2)
* Fi = vulnerability factor (defined above) for the material at stage i in the fuel cycle
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The next important factor to consider is the time duration of the stage. These products
will then be summed over all the stages of the fuel cycle to obtain the time integrated
Vulnerability Index (VI) for that fuel cycle. We calculate the VI for an entire fuel cycle using
Equation 10.1.3.
VI = At i -M i F (10.1.3)
where:
* Ati = the time duration of stage i in the fuel cycle
* Mi = The mass of material in modified SQ equivalents at stage i in the fuel cycle
(for a full description of this term, see Section 10.2)
* Fi = vulnerability factor (defined below) for the material at stage i in the fuel cycle
Finally, the time integrated VI for a given cycle can be modified by discounting the VI of
a given stage by how far in the future it occurs. This process is detailed in Section 10.7.
Suitability for Weapons (fw)
This factor represents the characteristics of materials that are most suitable for weapons.
It is defined to be high for those materials with a small critical mass and a low probability of
having a fizzle yield. The critical mass characteristic of the fuel will be accounted for by the
quantity (Mi). A low fizzle yield probability is associated with a low spontaneous neutron
generation rate. Additionally, a low decay heat is desirable, but the decay heat metric will be
included in the "Ease of Handling" factor. Therefore, the factor fw will be determined by the
spontaneous neutron generation rate of the material.
Ease of Handling (fh)
This factor represents the level of difficulty the material presents to a proliferators in
changing it from its state in the fuel cycle to the form needed for a weapon. Low gamma
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power and low decay heat characteristics result in a high fh factor. It should be noted that a
high spontaneous neutron rate also contributes to the difficulty of handling the material, but
this particular radiation characteristic is accounted for by the suitability (fw) factor.
Plutonium Purity (f_)
This factor represents the amount of effort a proliferator would have to expend in
separating the Pu from the other TRU in a given quantity of material. It does not include
separation from fission products, as those types of separations influence the "Accessibility"
factor. Thus, this metric primarily assesses the level of separation performed in a PUREX vs.
UREX process, and what combinations of actinides are recycled, such as Pu, Pu/Np, or the
full TRU vector.
Ease of Shielding from Detection (f)
There are some isotopes that produce easily detectable gammas that exceed the energy of
those associated with Pu isotopes and their decay chains. In particular, large quantities of Np-
237, Cm-243, and Cm-247 make high-energy gammas that are difficult to shield. Thus, a
high fs will correspond to low concentrations of these isotopes.
Accessibility (f8)
There are three key characteristics of the fuel cycle that affect the accessibility of the
material at a given stage. First is the fission product radiation and chemical barrier. As was
shown in Chapter 8, the fission products dominate the radiation characteristics of spent fuel
after discharge for the first few hundred years. This radiation barrier represents a significant
deterrent to theft by non-state actors, and would have to be removed prior to weaponization of
the material. The chemical mix of the fission products includes many neutron absorbers,
which means this separation from Pu or other materials is required before the material
becomes useful for weapons.
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The second key characteristic is the bulk of the material mass at a given stage of the fuel
cycle. Fuel assemblies have a large mass (-600 kg) that make their movement difficult. On
the other hand, materials that are separated from the bulk fuel are more easily moved, and
thus small masses of material are more accessible to theft or diversion.
The final key characteristic is the location of the material, whether inside or outside of a
facility. Facilities can be safeguarded to impede state actors from diverting materials, and
they can be guarded to prevent the theft of material by non-state actors. On the other hand,
materials that are located outside secured facilities while they are being transported are more
accessible to potential proliferators. These three characteristics will be used to develop the fa
factor for fuel cycles.
In summary, a material that is highly suitable for weapons use, easy to handle, easy to
separate from diluents, easy to shield from detection, and accessible at some point in the fuel
cycle would have a high vulnerability index and therefore pose a large proliferation risk.
Table 10.1.1 lists the key material characteristics and the vulnerability factors they affect.
Table 10.1.1 - Vulnerability Factors and Material Characteristics
Vulnerability Factor Material Characteristic
Modified number of SQ, Mi Critical Mass
Suitability for Weapons, fw Spontaneous Neutrons
Ease of Handling, fh Gamma Power, decay heat
Plutonium Purity, f, Plutonium dilution
Ease of Shielding, fs Np/Cm isotope markers
Presence of fission products
Accessibility, fa Material Bulk
Location in fuel cycle stage
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10.2 Suitability Factor (fw)
The suitability of a given isotopic composition of Pu is often qualitatively assigned a
grade. It has been common practice to classify the grade of Pu by its Pu-240 content. This
stems from the fact that the critical mass of Pu-240 is about 4 times larger than the other
isotopes. Thus, a large Pu-240 concentration in a mix of Pu isotopes results a larger critical
mass for that particular mix. The grades of Pu are listed in Table 10.2.1. Pu-242 was not
considered because the accumulation of this isotope was fairly small for the fuel burnups
considered in these analyses.
Table 10.2.1 - Pu grades [Albright D., et. al., 1997]
Calculation of Mi
In this report, the following methodology will be used to calculate Mi, the number of
"significant quantities" of mass at a given stage. For Pu and all combinations of TRU, the
IAEA standard of 8 kg (of Pu) wil be used as a significant quantity. The most direct way to
calculate Mi would be to take the mass of material at a given stage (called mi) and divide it by
8 kg.
However, this would not account for the difference in grade of the Pu, so an additional
factor called the diluted critical mass (CMd) for a given isotopic mixture will be introduced.
Essentially, the diluted critical mass uses the critical mass for a given isotope, and normalizes
it by the weight % of that isotope for the mixture. The general relationship is given in
Equation 10.2.1.
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Pu Grade Pu-240 wt %
Super Grade less than 3 %
Weapon Grade 3-7 %
Reactor Grade 7-30%
MOX Grade greater than 30%
CMd CMi Wi
where:
* CMi = critical mass of isotope i in a mixture
* wi = weight fraction of isotope i in a mixture
(10.2.1)
The approximate isotopic concentrations for the different grades of Pu, along with their
diluted critical masses, are given in Table 10.2.II.
Table 10.2.11 - Isotopic composition and CMd for Pu grades [Mark, 1993]
Isotope
Grade Pu-238 Pu-239 Pu-240 Pu-241 Pu-242 CMd (kg)
Super Grade - .98 .02 - - 10.6
Weapon Grade .00012 .938 .058 .0035 .00022 11.8
Reactor Grade .013 .603 .243 .091 .050 21.8
MOX Grade .019 .404 .321 .178 .078 26.7
Thus, using CMd along with the IAEA definition
SQs of material is given by Equation 10.2.2.
of a SQ of Pu, the modified number of
Mi = -_ l CMd- Pu (10.2.2)8 CMdm
where:
* Mi = The mass of material in modified SQ equivalents at stage i in the fuel cycle
* mi = total mass of material at stage i
* CMd-WGPu = Diluted critical mass of WG Pu
* CMd-mi = Diluted critical mass of the material at stage i
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Thus, as the isotopic vector accumulates isotopes with larger critical masses, it requires a
larger total mass to make a SQ equivalent. This Mi will also account for the diluted critical
masses resulting from isotopes other than Pu present in the TRU vector. For illustration the
Mi for the grades of 10 kg of pure plutonium are listed in Table 10.2.111.
Table 10.2.111 - Mi values for 10 kg of Pu by Grade
Pu Grade Mi
Super Grade 1.4
Weapon Grade 1.2
Reactor Grade 0.68
MOX Grade 0.55
Since the important characteristics of the critical mass of the material are accounted for by
Mi, the suitability factor will account for the effect of spontaneous neutrons. High fractions of
Pu-240 in Pu make it undesirable not just because of its higher critical mass, but also due to
its higher spontaneous neutron rate. In this regard, all the even isotopes of Pu also degrade
the material desirability. The spontaneous neutron rates for the various Pu grades are given in
Table 10.2.IV.
Table 10.2.IV - Spontaneous n's of Pu grades [Mark, 19931
Pu Grade Spontaneous neutrons
(n/kg-s)
Super Grade 20,000
Weapon Grade 66,000
Reactor Grade 360,000
MOX Grade 570,000
Using the spontaneous neutron generation
determined by equation 10.2.3.
rate per kg of a material, the value for fw will be
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Rn-m
w 
-Rus
where:
* Rn-WGPu = Rate of neutron generation in WG Pu [n/kg-s]
* Rn-mi = Rate of neutron generation in material i [n/kg-s]
For illustration, the fw factors for Pu grades are given in Table 10.2.V.
Table 10.2.V - Spontaneous n's and fw of Pu grades
Pu Grade Spontaneous neutrons fw
(n/kg-s)
Super Grade 20,000 3.3
Weapon Grade 66,000 1.0
Reactor Grade 360,000 0.18
MOX Grade 570,000 0.12
(10.2.3)
10.3 Ease of Handling Factor (fh)
The ease of handling of a material is determined by the level of spontaneous neutron
generation, the gamma power, and the decay heat. The fission product contribution to these
characteristics will be accounted for in the Accessibility factor in Section 10.6. In addition,
the spontaneous neutron generation rate is accounted for by the Suitability for Weapons
factor. The factor fh will be determined using equation 10.3.1.
f = 7WGPu DHWGPu
h material DHmaterial
(10.3.1)
where:
* YWGPu = Gamma power from 1 kg WG Pu [milliwatts]
* material = Gamma power from 1 kg material i [milliwatts]
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* DHWGPu = Decay heat from 1 kg WG Pu [watts]
* DHWGPu = Decay heat from 1 kg material i [watts]
As a general note on material handling, according to [Mark, 1993], weapons grade
material is "handled routinely". Reactor grade material, which is fabricated into MOX fuel, is
typically handled in glove boxes, while MOX grade (i.e. recycled MOX fuel) would likely
require remote handling [OECD/NEA, 2002a]. Again, for illustration, the decay heat, gamma
power, and fh for the grades of Pu are given in Table 10.3.IV.
Table 10.2.VI - Gamma Power, Decay Heats, and fh of Pu grades
Pu Grade Gamma Power Decay Heat fh
(mW/kg)a (watts/kg)b
Super Grade 0.335 2.0 1.6
Weapon Grade 0.478 2.3 1.0
Reactor Grade 4.47 10.5 0.023
MOX Grade 6.93 13.7 0.012
a Values calculated by ORIGEN-ARP
b Data from [Mark, 1993]
10.4 Pu Purity Factor (fQ)
In general, pure Pu is more attractive to proliferators than when it is diluted with other
isotopes. Thus, for a given grade of Pu, it is most attractive to have the Pu chemically pure
and less attractive to have other materials present. Otherwise, the proliferators may have to
undertake chemical processing of the material prior to weaponization. Whether or not fission
products are present in the mixture will be accounted for in the Accessibility factor. Thus,
this factor primarily contrasts the PUREX and UREX recycling processes and their outputs.
For this factor, the Pu purity is simply the weight percent of Pu in the mixture of actinides, as
is shown in equation 10.4.1:
fp = wt fraction _Pu (10.4.1)
203
10.5 Ease of Shielding Factor (fs)
Certain isotopes produce higher energy gamma photons than do the typical Pu decay
chains. While these photons only make up a fraction of the overall gamma power of the
material, they are problematic for proliferators because they are more difficult to shield, and
hence make the material more detectable. For example, "[An] expected increase in self-
protection [of a material] is attributed to the decay of Np-237 via alpha-emission to
protactinium-233 (Pa-233). The beta-decay of the short lived Pa-233 (half-life of 278 days)
results in the emission of gammas (0.3 MeV), which are more energetic than those from
reactor-grade plutonium decay chains [Taiwo, et. al., 2004]." Table 10.5.1 lists three key
isotopes that produce energetic photons.
Table 10.5.I - Gamma energy from decay [Baum, et. al., 2002]
Isotope gamma energy (keV)
Np-237 312
Cm-243 277
Cm-247 430
The ease of shielding factor will then be determined by the presence or absence of these
marker isotopes. fs values are listed in Table 10.5.II
Table 10.5.11 - fs factor from gamma markers
Isotope Marker fs
none 1.0
Np-237 only 0.5
Np and Cm 0.4
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10.6 Accessibility (Extrinsic Factors) (fa)
There are three conditions during the fuel cycle that make a material more accessible.
These are:
* When the fission product barrier is removed
* When the masses are in small quantities
* When the materials are outside of safeguarded/guarded facilities
When any of these three conditions are met, then the material is more accessible to either
diversion by a state actor or to theft by non-state actors. The accessibility factor (fa) will be
determined using the following point scale:
* When the fission product barrier is removed [3 points]
* When the masses are in small quantities [2 points]
* When the materials are outside of safeguarded/guarded facilities [1 point]
* Cooling in spent fuel pool [0.5 points]
* Repository [1.0 points]
Table 10.6.1 lists the process stages and the points where each of these three conditions
occurs. Note that the material in a reactor undergoing irradiation is considered "inaccessible"
and given a value of fa = 0. Thus, the radiation barrier from fission products that is removed
in reprocessing is re-established with the next irradiation [Pellaud, 2002].
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Table 10.6.1 - Accessibility points
FP barrier Small Masses Outside fa
Removed Available Safeguarded/Guarded
Facilities
Cooling 0.5
Transport from X 1
Reactor
Repository 1
Reprocessing X X 5
Fabrication X X 5
Transport to X X 4
Reactor
Irradiation 0
10.7 Present Value calculation
Since the time duration of the fuel cycle stage is considered in the Vulnerability Index
calculation, it is also appropriate to consider how far in the future that stage occurs. In
particular, if a quantity of risk has to be endured at some point in the future, then that can be
considered preferable to enduring that same quantity of risk today. In this analysis, we will
apply a "discount rate" to future quantities of risk and compute the "present value" risk of the
fuel cycles assessed. This concept is borrowed from the field of engineering economics
[Park, Sharpe-Bette, 1990]. It is appropriate, because the extrinsic proliferation risk
mitigation measures used during the fuel cycle (guards, gates, safeguards) all have some
economic cost, and therefore it is cheaper to apply future dollars to mitigate the risk than
current dollars. In general, the present value of a future sum of money is given by equation
10.7.1.
P = F(1+ i)-N (10.7.1)
where:
* P = Present Value (of money or risk)
* F = Future Value (of money or risk)
* i = annual discount (interest) rate
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* N = number of periods [years]
Again, recall that a material or cycle with a high VI represents a high proliferation risk.
Modifying the nomenclature of this expression to more clearly show the connection to the
Vulnerability Index results in equation 10.7.2.
P, = F (1+ i) -N  (10.7.2)
10.8 Results
First, it is interesting to look at the static vulnerability index for the once through cycle
compared to a multi-recycling strategy. This illustration will use the CONFU-B strategy with
6-year cooling. For this comparison, the initial U0 2 fuel will spend 5 years in its reactor's
spent fuel pool. At this point, the fuel from the once-through cycle will be transported to the
repository, while the CONFU cycle will have this fuel transported to a
reprocessing/fabrication facility to make the first CONFU-B fuel. After fabrication, the
CONFU-B assembly will be transported to a reactor for the first CONFU-B irradiation. The
CONFU-B fuel then is recycled multiple times. Recall that the static vulnerability index does
not time integrate the VI nor does it discount future vulnerabilities. Selected results are
shown in Figure 10.8.1.
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Figure 10.8.1 - Comparison of VIs for several fuel cycles
Note that the "U0 2 OT" cycle and the "U0 2 Reprocess" cycle have identical VIs until the
5.1-year point. At that point, the OT cycle material enters the repository, where its VIs is
reduced, while the material undergoing irradiation sees its VIs increase. However, after the
reprocessed fuel is irradiated in a reactor, its VIs drops below that of the OT due to
degradation of the Pu vector with the second irradiation. The process then is repeated, with
each succeeding CONFU recycle resulting in more degraded TRU, and hence lower VIs.
Each CONFU-B cycle supplants a batch of UO2 fuel, and this is incorporated in the time
integrated vulnerability index (VI). Thus, as the OT cycle continues to accumulate mass in
the repository, the CONFU-B mass in the cycle continues to degrade. Figure 10.8.2 shows
the time integrated VI, without discounting, for the OT and CONFU cycles.
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I
Time Integrated VI, no discounting
Figure 10.8.2 - Comparison of VI for OT and CONFU
Note that for the first cycle, the CONFU strategy has a higher VI, but with multirecycling,
the additional VI added from each cycle is smaller with each recycle. The OT strategy, on the
other hand, continues to accumulate VI linearly with each recycle.
As the VI from future cycles is time integrated into the total, these VIs can be discounted
by the discount rate "i". To examine the sensitivity of VI to the discount rate, the rate was
varied from 0.0 to 0.1. Note that a discount rate of zero implies no discounting and future VI
factors weigh as heavily as current VI factors. The time integrated VI for the two strategies
are compared in Figure 10.8.3 over a range of discount rates.
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Figure 10.8.3 - Comparison of VI for several discount rates, 8 total cycles
A larger discount rate effectively weights the first cycle more heavily and later cycles less.
With no discount rate, the VI for the CONFU strategy is significantly smaller than for the OT
strategy. It's not until the discount rate reaches 10% that the OT strategy has a lower VI,
although the VI for CONFU is comparable. Again, this discount rate for the VI can be
interpreted to be the interest rate on the money that is required to mitigate the risk associated
with a particular fuel cycle. The essential difference is the CONFU strategy adds
vulnerability to the first cycle, while significantly reducing vulnerability in later cycles.
The 10% discount rate will be used in calculating the VI for the remaining multi-recycling
strategies. Figure 10.8.4 gives the time integrated, discounted, VI over 8 cycles, for several
multirecycling strategies
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Figure 10.8.4 - Comparison of VI for several multirecycling strategies, 8 total cycles,
10% discount rate
Again, with a 10% discount rate, the once through strategy has the lowest vulnerability
index, indicating that it is the most proliferation resistant. However, all the multirecycling
strategies have comparable VIs. The three CONFU strategies are all very close, and are the
best of the multirecycling strategies. MOX-UE is the worst, largely due to the large masses of
separated Pu used by this cycle. CORAIL-TRU is slightly better than MOX-UE, but not as
good as CONFU. This is because CORAIL-TRU generates a gradually increasing amount of
TRU per assembly, while the CONFU-B assemblies have a net TRU destruction with each
recycle.
It's also interesting to compare the results from this analysis with the time integrated
"Nuclear Security Measure" developed by Charlton in support of the "Blue Ribbon
Committee Report" on the proliferation resistance of different fuel cycles. The committee's
"Nuclear Security Measure" metric measured the proliferation resistance of various fuel
cycles over a 100-year period. Note that the Charlton analysis does not include discounting,
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and his ranking of the OT cycle is not as high as the VI with discounting. The nuclear
security metric is larger for a more "proliferation resistant" fuel cycle, while the VI is smaller
for a "less vulnerable" fuel cycle. The results from the two approaches are listed in Table
10.8.I.
Table 10.8.1 - "Nuclear Security" Metric compared to "Vulnerability Index" Metric,
relative rank ordering of fuel cycles.
Cycle
UO2 once through
IMF w/ UREX
MOX w/ UREX
MOX w/ PUREX
Metric
(Rank Order)
0.657 (2 nd)
0.746 (1st)
0.644 (3 rd)
0.641 (4th)
Cycle
UO 2 once through
CONFU-B
CORAIL-TRU
MOX-UE
Metric (xl 0)
(Rank
6.79
8.17
9.21
9.67
It's also instructive to look at all the strategies' sensitivity to the discount rate. Figure
10.8.5 compares the time integrated VI at discount rates of 0, 5, and 10%. Table 10.8.II lists
the rank order of the cycles based on the discount rate. A rank order of one implies the "best"
(i.e. the smallest VI) in the comparison.
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Figure 10.8.5 - Comparison of VI for several discount rates, 8 total cycles (92 years)
Table 10.8.II - Rank order of cycles by discount rate
Strategy
OT
CONFU 6
CONFU 16.5
CONFU Remix
MOX-UE
CORAIL-TRU
0% 5% 10%
6 4 1
1 1 2
2 3 4
3 2 3
5 6 6
4 5 5
Again, we see that the OT strategy fares poorly until the discount rate is increased to 10%.
MOX-UE has a consistently low rank due to the large quantities of separated Pu associated
with that cycle. CONFU strategies rank consistently better than CORAIL-TRU, which falls
behind MOX-UE at a high enough discount rate.
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10.9 Chapter Summary
This chapter developed several metrics for assessing the attractiveness to potential
proliferators of the material in spent nuclear fuel. The four intrinsic and one extrinsic metrics
were independent and scaled to the characteristics of weapons grade plutonium. These factors
were used to assess fuel cycle strategies, by evaluating the factors, along with the mass flows,
at each stage of the fuel cycle. These parameters were then used to calculate the static
vulnerability index (VIs) at each stage of the fuel cycle. Additionally, the Vulnerability Index
was time integrated over 8 cycles (92 years), with future vulnerabilities discounted to a
present value.
With a discount rate of 10%, the once-through strategy has the lowest VI, but the
multirecycling strategies all have comparable values. In terms of the static VIs, the once
through cycle is the best for only the initial recycle, after which, the TRU that is multirecycled
degrades sufficiently that it has a VI lower than the once through cycle from the second cycle
onward.
Overall, the CONFU strategy attains the lowest time integrated VI for all the
multirecycling strategies, primarily because it avoids separated Pu in its fuel cycle. In
addition, CONFU-B uses inert matrix fuel, which more rapidly degrades the TRU vector than
does MOX.
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Chapter 11 - Summary and Recommendations
Transuranic actinides dominate the long-term radiotoxity in spent LWR fuel. In an open
fuel cycle, they impose a long-term burden on geologic repositories. Transmuting these
materials in reactor systems is one way to ease the long-term burden on the repository. This
work examined the goal of maximizing the burning of trans-uranic elements in Combined
Non-Fertile and U0 2 (CONFU) PWR assemblies. These assemblies are composed of a mix
of standard U0 2 fuel pins and pins made of recycled trans-uranics (TRU) in an inert matrix,
and are designed to fit in current or future PWRs.
Applying appropriate limits on the neutronic and thermal safety parameters, a CONFU-
Burndown (CONFU-B) assembly design has been shown to attain net TRU destruction in
each fuel batch through at least 9 recycles. This represents a time span of nearly 100 years of
in-core residence and out-of-core storage time. In this way, when the TRU is multi-recycled,
only fission products and separation/reprocessing losses are sent to the repository, and the
initial inventory of TRU is reduced over time. Thus, LWRs are able to eventually operate in a
fuel cycle system with an inventory of transuranic actinides much lower than that
accumulated to date.
The CONFU-B approach has been compared to other LWR based Pu and TRU
transmutation cycles with regards to materials reprocessing and recycling issues, thermal-
hydraulics, economics, and proliferation resistance.
11.1 TRU destruction performance of CONFU-B compared to other
thermal multirecycling strategies.
Three recycling strategies using CONFU-B assemblies have been considered, all using a
4.5-year in core irradiation, followed by cooling and reprocessing. The three strategies
involve a short-term cooling (6-year) after discharge, a longer-term cooling (16.5-year) after
discharge, or a strategy called Remix. The Remix strategy involves partitioning the Pu/Np
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after 6-year cooling for immediate recycle, and partitioning the Am/Cm for an additional
10.5-year cooling before remixing it into the next CONFU-B batch. At equilibrium, the
CONFU-B can burn approximately 1.5 kg to 10.0 kg of TRU per TWhe depending on the
recycle strategy used. This represents a net burning rate of 2-8% of the TRU loaded per
assembly, in addition to burning an amount equivalent to the TRU produced in the UO2 pins.
A summary of the TRU burning performance of these three strategies is given in Table 1.1.1.
Table 11.1.I - Summary of TRU burning, CONFU-B strategies, per assembly
Cycle 1 2 3 4 5 6 7 8 9
TRU loaded (kg) 15.4 30.8 27.9 24.9 24.9 24.9 24.9 24.9 24.9
6-yr Discharged TRU 11.9 26.0 24.3 22.4 22.5 22.6 22.6 22.7 22.8
cooling after cooling (kg)
Burned TRU (kg) 3.5 4.8 3.6 2.5 2.4 2.3 2.3 2.2 2.1
Burned TRU (%) 23% 16% 13% 10% 9.8% 9.5% 9.1% 8.7% 8.4%
TRU loaded (kg) 15.4 22.0 20.5 19.1 17.6 17.6 17.6 17.6 17.6
16.5-yr Discharged TRU 11.7 19.7 19.2 18.2 17.1 17.1 17.2 17.2 17.3
cooling after cooling (kg)
Burned TRU (kg) 3.7 2.3 1.3 0.9 0.5 0.5 0.4 0.4 0.3
Burned TRU (%) 23% 10% 6.6% 4.3% 2.3% 2.5% 2.2% 2.0% 1.9%
TRU loaded (kg) 15.4 20.0 30.8 24.9 22.0 22.0 22.0 22.0 22.0
Discharged TRU 11.9 16.3 26.8 22.7 20.7 20.7 20.7 20.8 20.8
Remix after cooling (kg)
Burned TRU (kg) 3.5 3.7 4.0 2.2 1.3 1.3 1.3 1.2 1.2
Burned TRU (%) 23% 18% 13% 9.1% 5.8% 5.9% 5.7% 5.5% 5.2%
Other LWR based multirecycling strategies
able to achieve net TRU destruction. MOX-UE
such as MOX-UE and CORAIL-Pu are also
multirecycles Pu in all MOX assemblies, and
gradually enriches the UO2 host matrix for the Pu with each recycle. CORAIL-Pu also
multirecycles Pu, and uses 84 MOX pins and 180 UO 2 pins in a heterogeneous assembly. But
these strategies only recycle Pu, and so Am and Cm inventories continue to increase while Pu
inventories are stabilized or decrease with these strategies. Multirecycling strategies that
recycle the full TRU vector, such as CORAIL-TRU and the previous design of CONFU
(CONFU-E), only attain a net TRU destruction rate of zero at equilibrium. The present
design, CONFU-B, is the only design that recycles the full TRU vector and is able to sustain a
net TRU destruction rate at equilibrium.
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In addition to the TRU destruction performance of the CONFU-B design, these assemblies
are able to achieve reactivity coefficients comparable to an all U0 2 assembly. Thus, CONFU-
B assemblies would exhibit comparable dynamic neutronic performance to the all U0 2
assemblies they replace in current PWRs.
11.2 Thermal-Hydraulic performance of CONFU-B compared to other
thermal multirecycling strategies.
One challenge for CONFU-B assemblies is that the highly heterogeneous nature of these
assemblies can result in fairly high intra-assembly pin power peaking (IAPP). By design, an
IMF pin in the assembly carries the highest power to maximize the TRU destruction. For the
initial TRU loading, the highest IAPP in an IMF pin is 1.183. This is compensated by having
cooler pins in the immediate vicinity. Even so, the pin power distribution in the assembly can
result in reduced thermal margins. These results are typical of the IAPP in other
heterogeneous designs such as CORAIL. Homogeneously fueled assembly designs, such as
MOX-UE have IAPPs on the order of 1.106, which is somewhat higher than all-UO2
assemblies due to the Pu used in the fuel. A summary of the IAPP factors for these designs,
along with their calculated MDNBR at conservative operating conditions is given in Table
11.2.I.
Table 11.2.1 - VIPRE-01 Results for MOX-UE, CORAIL, CONFU-B and U0 2
assemblies.
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Assembly Type Pin Peak MDNBR
All UO2  1.072 1.618
MOX-UE 1.106 1.569
Recycle 01
CORAIL-Pu 1.217 1.434
Recycle 01
CORAIL-TRU 1.167 1.392
Recycle 01
CONFU-B, 1.183 1.443
Recycle 01
CONFU-B, 1.233 1.499
Recycle 03
Note that the CONFU-B assembly with IAPP of 1.183 mentioned above has an MDNBR
of 1.44, instead of 1.62 for the all-UO 2 assembly. This MDNBR is based on a core-wide
radial peak-to-average assembly power peaking of 1.50. One key achievement of this work is
the use of neutron poisons and tailored enrichment schemes to reduce the neutronic reactivity
of fresh assemblies, while improving MDNBR to 1.51. Another key achievement of this
work is the use of burnable poisons to suppress the BOL reactivity of a fresh CONFU-B
assembly, while sustaining TRU destruction performance and thermal hydraulic performance.
Table 11.2.II summarizes the results of the neutron poison design. These poison designs were
assessed against the first cycle CONFU-B. Since this recycle has the "freshest" TRU, it
provides the most challenging thermal-hydraulic case. The thermal-hydraulic margins of this
assembly can be improved to acceptable levels, but with a slight reduction in TRU destruction
efficiency.
Table 11.2.11 - Summary of Poison Design Results.
Strategy MDNBR % k-inf Reactivity TRU Change
Improvement Suppression Destruction in
fraction efficiency
Base Case 1.433 n/a 1.333 n/a 22.8% n/a
Soluble 1.475 +2.9% 1.251 -6.2% 22.2% -0.6%
Boron
Gd20 3  1.432 -0.0 1.119 -16.1% 22.9% +0.1%
burnable
poison
Boron and 1.511 +5.4% 1.193 -10.5% 20.8% -2.0%
Tailored
Enrichment
11.3 Accident Behavior
CONFU-B assemblies have different reactivity coefficients, pin power distribution, and
fuel thermal properties from the all UO 2 assemblies they are designed to replace. To assess
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the impact of these changes on reactor performance during transients, two accident scenarios
were assessed.
First, a qualitative assessment was made of CONFU-B performance under a rod ejection
accident scenario. The result was that the CONFU-E and CONFU-B designs should perform
in a comparable fashion to a standard UO2 assembly, and should have adequate thermal
margins under these conditions.
In addition, RELAP was used to evaluate the fuel behavior under large break LOCA
conditions. Again, CONFU-B performance under these conditions was comparable to a
standard all-U0 2 assembly.
11.4 Fuel Handling Feasibility of multi-recycled fuels
The fuel handling challenges of multirecycling TRU in CONFU-B assemblies have been
compared to other LWR multi-recycling strategies. If we assume that the spent fuel from the
seventh recycle in each strategy is no longer recyclable and must be sent to the repository in
its entirety, the CONFU-B strategy would place much less total burden on the repository than
the once-through cycle. The decay heat burden on the repository, normalized to the burden of
a once-through cycle, is shown in Figure 11.4.1. Note that a decay heat index less than 1.0
indicates better performance than the once-through strategy. All cycles have an index less
than 1.0 about 30 years after discharge. The MOX-UE, CONFU-B (Remix), and CONFU-B
(6-year) show the lowest indicies.
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Repository Burden, Normalized Decay Heat
Figure 11.4.1 - Decay Heat Repository Burden imposed by strategy, per GWde,
normalized to spent UO2 fuel.
In addition to the long-term impacts on the repository, the short-term impacts on the fuel
handling required by recycling was assessed. In general, strategies that multi-recycle TRU
have higher radiation parameters than do those strategies that multirecycle Pu only. Since
current European industry practice is to monorecycle spent UO2 fuel into MOX, the material
handling impacts of multirecycling strategies were normalized to this standard. Figure 11.4.2
shows the spontaneous neutron generation rate after cooling, normalized to the MOX cycle
standard.
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Figure 11.4.2 - Fuel Handling Index at Fabrication, Spontaneous Neutrons
In summary, one should note that a key innovation of this work is the development of the
Remix strategy for CONFU-B. The Remix strategy results in the lowest repository impact of
all the CONFU-B strategies, produces tolerable fuel handling indices, while attaining better
TRU destruction performance than the 16.5-year cooling strategy.
11.5 Economic Assessment
Several options for spent fuel recycling in LWRs have been compared economically, and
all are found to be more costly than making fresh UO2 fuel from mined ore. However, the
CONFU-B strategy is less costly on a mills/kWhe basis than other thermal recycling strategies
that recycle the full TRU vector. Given OECD estimates for the unit costs of each fuel type,
and assuming 10% carrying charge factor, this cost is 12.3 mills/kWhe for the CONFU-B
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recycle, compared to 25.7 mills/kWhe for MOX-UE and 4.9 mills/kWhe for all U0 2. A
summary of the fuel cycle costs for these strategies is provided in Table 11.5.1. The
CORAIL-TRU appears to be prohibitively expensive, costing nearly 3 times as much as
CONFU-B. But CONFU-B is still expensive at 250% of the all-U0 2 fuel, even when taking
credit for reduced production of repository wastes.
Table 11.5.I - Fuel Cycle Cost (FCC), mills per kWhe, cycle 1 and 7
Assembly Type Cycle 1 Cycle 7
(mills per kWhe) (mills per kWhe)
MOX-UE 25.7 11.3
CORAIL-Pu 11.2 8.7
CORAIL-TRU 22.5 29.1
CONFU-B (6-yr) 12.3 11.4
CONFU-B (16.5-yr) 12.3 10.0
CONFU-B (Remix) 12.3 11.2
U0 2 4.9 4.9
11.6 Proliferation Risks of multi-recycling
Finally, a methodology for calculating the time integrated proliferation risk of a fuel cycle
is introduced. An innovation of this methodology is the discounting of future risks to
calculate an overall present value risk of a given cycle. Under this methodology, the
CONFU-B presents lower risks than other multi-recycling strategies in the first 100 years.
For a 10% rate of discount of risk, the CONFU-B risks are comparable to the once-through
cycle. The longer term risk favors recycling due to the limited accumulation of repository
risk. Figure 11.6.1 shows the vulnerability index (VI) for several discount rates of the
multirecycling strategies compared to the once-through cycle. The VI is a measure of the
proliferation risk associated with a particular strategy. That is, a higher VI indicates a higher
proliferation risk. Table 11.6.1 lists the rank order of these strategies by each discount rate.
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Discount Rate Sensitivity, all Strategies
Figure 11.6.1 - Comparison of VI for several discount rates, 8 total cycles (92 years)
Table 11.6.I - Rank order of cycles by Proliferation Resistance at different rates of
discounting future risk
Discount Rate
Strategy 0% 5% 10%
OT 6 4 1
CONFU 6 1 1 2
CONFU 16.5 2 3 4
CONFU Remix 3 2 3
MOX-UE 5 6 6
CORAIL-TRU 4 5 5
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11.7 Recommendations for Future Work
A key materials requirement that must be met to support multi-recycling using the
CONFU-B design is the development of an inert matrix that is easily recyclable, as well as
having the desired thermal, radiation stability, and chemical properties. The matrix used in
this work (MgO-ZrO2) is considered to be more reprocessable than the spinel matrix used in
previous studies, but it is still not as easy to work with as UO2 or MOX fuels in current
aqueous processes.
In addition to IMF fuel materials, continued development of the UREX process is needed
to reduce the proliferation risks associated with the PUREX process. This development
should include the capability to deal with the higher radiation levels of fuels with multi-
recycled TRU.
Both the materials development and the recycling processes development must be done
with economic feasibility in mind. Ultimately, the waste and proliferation risk reductions that
come from multirecycling fuel must come at an acceptable cost. This requires a more detailed
accounting of the dependence of recycling costs in the size and type of facilities used. In
addition, analysis of the cost that needs to be charged to the U0 2 fuel to bum the TRU in
subsequent cycles should be made.
Additional work should be done to reduce the inter-assembly power peaking of the highly
heterogeneous CONFU-B design, as well as to improve the overall thermal-hydraulic margins
of a core fully loaded with these assemblies. Additional opportunities for study in this area
include:
* Burnable poisons other than gadolinium
* Tailored poison loading in addition to tailored enrichment
* Core wide assembly loading strategies
* The possible use of poisons in FFF pins.
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Finally, a more sophisticated set of utility functions for the vulnerability factors used to
calculate the vulnerability index for proliferation risk could be developed. This, along with
the economic estimates for electricity cost, would provide the ability to directly asses the costs
of proliferation risk reduction in a fuel cycle similar to the way the costs of safety
improvement and system reliability are performed in PRA assessments today.
225
226
References
Agari Y. and Uno T., "Thermal Conductivity of Polymer Filled Carbon Materials: Effect of
Conductive Particle Chains on Thermal Conductivity", Journal of Applied Polymer Science,
30, pp 2225-2235, (1985).
Albright D., Berkhout F., Walker W., "Plutonium and Highly Enriched Uranium 1996, World
Inventories, Capabilities and Policies", Oxford University Press, (1997).
Baum E. M., Knox H. D., Miller T. R., "Nuclides and Isotopes, 1 6 th Ed", KAPL & Lockheed
Martin, (2002).
Berna G.A., Beyer C.E., Davis K.L., Lanning D.D., "FRAPCON-3: A Computer Code for the
Calculation of Steady State Thermal-Mechanical Behavior of Oxide Fuel Rods for High
Burnup", NUREG/CR-6534, Vol.2, PNNL-11513, December (1997).
Boscher T., Hejzlar P., Kazimi M. S., Todreas N. E., Romano A., "Alternative Fuel Cycle
Strategies for Nuclear Power Generation in the 2 1st Century", MIT-NFC-TR-070, MIT,
December (2004).
Boyack B.E., et.al., "Phenomenon Identification and Ranking Tables (PIRTs) for Loss-of-
Coolant Accidents in Pressurized and Boiling Water Reactors Containing High Burnup Fuel",
NUREG/CR-6744, LA-UR-00-5079, December 2001.
Briesmeister J. F. (editor), "MCNPTM - A General Monte Carlo N-Particle Transport Code,
Version 4C", LA-13709M, Los Alamos National Laboratory, April (2000).
Bunn M., Fetter S., Holdren J. P., Van der Zwann B., "The economics of Reprocessing vs.
Direct Disposal of Spent Nuclear Fuel", DE-FG26-99FT40281, John F. Kennedy School of
Government, Harvard University, July (2003).
Carabajo J.J., Graydon L.Y., Popov S.G., Ivanov V.K., "A Review of the Thermophysical
Properties of MOX and UO 2 Fuels", Journal ofNuclear Materials, 299, pp 181-198, (2001).
Cochran R.G. and Tsoulfanidis N., "The Nuclear Fuel Cycle: Analysis and Management, 2 nd
Edition ", American Nuclear Society, (1999).
Cuta J. M., Koontz A. S., Stewart C. W., Montgomery S. D., Nomura K. K., "VIPRE-01: A
Thermal-Hydraulic Code for Reactor Cores, Volume-2, User's Manual (Revision 2)", EPRI-
NP-2511-CCM, Electric Power Research Institute (EPRI), July (1985).
"Davis-Besse Nuclear Power Station, Unit 1, Cycle 14-Reload Report", Framatome ANP,
Lynchburg Virginia, October (2003).
227
Degueldre C., Tissot P., Lartigue H., Pouchon M., "Specific Heat Capacity and Debye
Temperature of Zirconia and its Solid Solution", Thermochimica Acta, 403, 2, pp 267-273,
July (2003).
Deutch J., Moniz E.J., et.al., "The Future of Nuclear Power", Massachusetts Institute of
Technology, (2003).
DOE/NE, "Report to Congress on Advanced Fuel Cycle Initiative: Objectives, Approach, and
Technology Summary", US Department of Energy, Office of Nuclear Energy, Science, and
Technology, May (2005).
Driscoll M. J., Downar T. J., Pilat E. E., The Linear Reactivity Model for Nuclear Fuel
Management, American Nuclear Society, La Grange Park, Illinois (1990).
Edenius M., K. Ekberg, B.H. Forsen, and D. Knott, "CASMO-4, A Fuel Assembly Burnup
Program: User's Manual," STUDSVIK/SOA-95/1, Studsvik of America (1995).
European Nuclear Society, "Nuclear Glossary", http://www.euronuclear.org/, (2006).
Fink, J. K., "Thermophysical Properties of Uranium Dioxide", Journal of Nuclear Materials,
279, p10 18, (2000).
Forsberg C.W., Collins E.D., Renier, J.P., Alexander C.W., "Can Thermal Reactor Recycle
Eliminate the Need for Multiple Repositories?", Proc of the 8 th Information Exchange
Meeting on Actinide and Fission Product Partitioning and Transmutation, OECD, Las Vegas
NV, Nov 9-11(2004).
Gauld I. C., Bowman S. M., Horwedel J. E., Leal L. C., "ORIGEN-ARP: Automatic Rapid
Processing for Spent Fuel Depletion, Decay, and Source Term Analysis", ORNL/TM-
2005/39, Version 5, Vol. 1, Book 2, Oak Ridge National Lab, Oak Ridge, Tennessee, (2005).
Ham H, "An Integrated Methodology for Quantitative Assessment of Proliferation Resistance
of Advanced Nuclear Systems Using Probabilistic Methods", PhD Thesis, Massachusetts
Institute of Technology, June (2005).
Hidaka A., Nakamura J., Sugimoto J., "Influence of Thermal Properties of Zirconia Shroud on
Analysis of PHEBUS FPTO Bundle Degradation Test with ICARE2 Code", Nuclear
Engineering and Design, 168, 1-3, pp361-371, May (1997).
Hill R.N., "Summary Report and Downselection Recommendations for Multi-tier
Transmutation Strategies", ANL-AAA-060 Report, Argonne National Lab, (2002).
Hoffminan E. and Stacey W., "Comparative Fuel Cycle Analysis of Critical and Subcritical Fast
Reactor Transmutation Systems", Nuclear Technology, 144, 83-106, Oct (2003).
228
IAEA "IAEA Safeguards Glossary, 2001 Edition", International Nuclear Verification Series
No.3, International Atomic Energy Agency, Vienna Austria, (2002).
IAEA, "The Structure and Content ofAgreements Between the Agency and States Required in
Connection with the Treaty on the Nonproliferation of Nuclear Weapons", INFCIRC/153,
International Atomic Energy Agency, Vienna Austria, June (1972).
Kim T.K., Taiwo T.A., Hill R.N., Finck P.J., "Assessment of TRU Stabilization with the
French CORAIL Assembly Concept", Transactions of the American Nuclear Society, 86,
339-341, 2002 ANS Annual Meeting, Hollywood, FL, Jun 9-13, (2002a).
Kim T. K., "Assessment of CORAIL-Pu Multi-Recycling in PWRs", ANL-AAA-018,
Argonne National Laboratory, June (2002b).
Lamarsh J.R. and Baratta A.J., "Introduction to Nuclear Engineering", 3rd Ed, Prentice Hall,
New Jersey, (2001).
Lebenhaft J. R. and Driscoll M. J., "Monte Carlo Simulation of Pebble Bed HTGR Criticals",
Trans. Am. Nucl Soc., 86, Hollywood, Florida, June 9-13, (2002a).
Lebenhaft J. R. and Driscoll M. J., "MCNP4B Analysis of the HTR-10 Startup Core", Trans.
Am. Nucl Soc., 84, Mashantucket, Conneticut, June 17-21, (2002b).
Long Y., Zhang Y., Kazimi M.S., "A Survey of Inert Matrix Materials as Hosts of Actinide
Nuclear Fuels", MIT-NFC-TR-055, Massachusetts Institute of Technology, March (2003)
Loubiere S., Sanchez R., Coste M., Hebert A., Stankovski Z., "APOLLO2, Twelve Years
Later", Proc ofM&C '99, Madrid, Spain (1999).
Medvedev, P., "Development of Dual Phase Magnesia-Zirconia Ceramics for Light Water
Reactor Inert Matrix Fuel", PhD Thesis, Texas A&M University, College Station, TX, (2004).
Medvedev P.G., Lambregts M.J., Meyer M.K., "Thermal Conductivity and Acid Dissolution
Behavior of MgO-ZrO2 ceramics for use in LWR Inert Matrix Fuel", J. of Nuclear Materials,
349, 167-177, (2006).
Mark J. C., "Explosive Properties of Reactor-Grade Plutonium", Science and Global Security,
4, No. 1, pp 111-128, (1993).
National Nuclear Security Administration (NNSA), "Guidelines for the performance of
Nonproliferation Assessments", PNNL-14294, May 2003.
National Research Council, "Nuclear Wastes: Technologies for Separation and
Transmutation", National Academy Press, Washington D.C. (1996).
229
NERAC Task Force on TOPS, "Annex: Attributes of Proliferation Resistance for Civilian
Nuclear Power Systems", Technology Opportunities for Increasing the Proliferation
Resistance of Global Civilian Nuclear Power Systems (TOPS) Report, October (2000).
Nuclear Data Evaluation Lab, "Table of Nuclides", http://atom.kaeri.re.kr/, Korea Atomic
Energy Research Institute, (2000).
OECD Nuclear Energy Agency, "The Economics of the Nuclear Fuel Cycle", Paris France,
(1994).
OECD Nuclear Energy Agency, Accelerator-Driven Systems (ADS) and Fast Reactors (FR)
in Advanced Nuclear Fuel Cycles, Paris, France, (2002a).
OECD/NEA, "Physics of Plutonium Recycling, Vol VI:. Multiple Plutonium Recycling in
Advanced PWRs", Paris, France (2002b).
Papazoglou I.A., "A Methodology for the Assessment of the Proliferation Resistance of
Nuclear Power Systems", MIT Energy Laboratory Report, MIT-EL 78-022, September
(1978).
Park C. S., Sharpe-Bette G. P., "Advanced Engineering Economics", John Wiley & Sons, Inc.,
New York, (1990).
Pearlstein S., "The Effective Delayed Neutron Fraction for Bare-Metal Criticals", Nuclear
Technology, 128, 402, December (1999).
Pellaud B., "Proliferation Aspects of Plutonium Recycling", Journal of Nuclear Materials
Management, XXXI, pp 30-38, Fall (2002).
The RELAP5-3DC Code Development Team, "RELAP5-3D© Code Manual, Volume I:
Code Structure, System Models and Solution Methods," INEEL-EXT-98-00834 Rev 2.2,
October (2003).
Romano A., Hejzlar P., Todreas N., "Safe and Economic Fertile-Free, Lead-Cooled Minor
Actinide Burner", Proceedings of Global 2003, New Orleans, LA, November 16-20, (2003).
Romano A., Hejzlar P., Todreas N., "Fertile-Free Fast Lead-Cooled Incinerators for Efficient
Actinide Burning", Nuclear Technology, 147, 368-387, Sep (2004).
Ronen Y., Aboudy M., Regev D., "Breeding of 2 4 2mAm in a Fast Reactor", Nuclear
Technology, 153, 224, February (2006).
Rossin A. D., "Secrecy and Misguided Policy", Proceedings of Global 2001, p. 234, Paris,
France, 9-13 September (2001).
230
Shwageraus E., Hejzlar P., Kazimi M. S., "A Combined Non-fertile and U0 2 PWR assembly
for Actinide Waste Minimization," Nuclear Technology, 149, 281, March (2005).
Shwageraus E., Hejzlar P., Kazimi M. S., "Optimization of the LWR Nuclear Fuel Cycle for
Minimum Waste Production", MIT-NFC-TR-060, Department of Nuclear Engineering,
Massachusetts Institute of Technology, (Oct 2003).
Seitz F., "The Modern Theory ofSolids", McGraw-Hill, New York, pp3 8 -3 9 (1940).
Taiwo T. A., Kim T. K., Salvatores M., "Feasibility Study of a Proliferation Resistant Fuel
Cycle for LWR-Based Transmutation of Transuranics", ANL-AAA-027, Argonne National
Laboratory, September (2004).
Tennessee Valley Authority, "Preliminary Safety Analysis - Sequoyah Nuclear Plant",
(1968).
Todreas N.E. and Kazimi M.S., "Nuclear Systems 1: Thermal Hydraulic Fundamentals",
Hemisphere Publishing Co., (1990).
Tong L.S. and Weisman J., "Thermal Analysis of Pressurized Water Reactors", 3rd Edition,
American Nuclear Society, La Grange Park, IL, USA, (1996).
Vandegrift G., et al., "Designing and Demonstration of the UREX+ Process Using Spent
Nuclear Fuel", Proceedings ofATALANTE 2004, Nimes, FR, June 21-25 (2004).
Vasile A., et. al., "Advanced Fuels for Plutonium Management in Pressurized Water
Reactors", Journal ofNuclear Materials, 319, 173-179, (2003).
Waltar A. E., Omberg R. P., et.al., "An Evaluation of the Proliferation Resistant
Characteristics of Light Water Reactor Fuel with the Potential for Recycle in the United
States", Blue Ribbon Committee Report to the Advanced Nuclear Transmutation Technology
(ANTT) Subcommittee of the Nuclear Energy Research Advisory Committee (NERAC),
November (2004).
Xu Z., Hejzlar P., Kazimi M.S., "MCODE, Version 2.2 - An MCNP-ORIGEN Depletion
Program", Center for Advanced Nuclear Energy Systems, MIT, February 2006.
Xu Z., Hejzlar P., Driscoll M. J., Kazimi M. S., "An improved MCNP-ORIGEN Depletion
Program (MCODE) and its Verification for High Burnup Applications", Proc. of PHYSOR
2002, Seoul, Korea, October 7-10 (2002).
Yamashita T., et. al., "Rock-Like Oxide Fuels and their Burning in LWRs", J. of Nuclear
Science and Technology, 39, No. 8, 865-871, August (2002).
Youinou G, et. al., "Heterogeneous Assembly for Plutonium Recycling in PWRs: The
CORAIL Concept", Proceedings of Global 2001, Paris, France (2001).
231
Youinou G., Varaine F., Vasile A., "Plutonium and Americium Multirecycling in the
European Pressurized Reactor (EPR) Using Slightly Over-Moderated U-235 Enriched MOX
Fuel Assemblies", Proc of Global 2003, New Orleans, LA, p. 13 5 (2003).
Youinou G., Vasile A., "Plutonium Multirecycling in Standard PWRs Loaded with
Evolutionary Fuels", Nuclear Science and Engineering, 151, 24-45 (2005).
Yuan Y., No H.C., Kazimi M.S., "A Preliminary Investigation of Performance of Rock-Like
Oxide Fuel for High Bumup in LWRs", MIT-NFC-TR-037, Massachusetts Institute of
Technology, December (2001).
232
Appendix A. Computational Tools
This appendix provides a summary of computational tools used for this work. The work
studied an innovative multirecycling PWR fuel cycle, and made comparisons between it and
other state-of-the-art thermal multirecycling strategies. The major areas of research include:
* Feasibility of neutronic design
* Feasibility of thermal-hydraulic design
* Development of poison design
* Safety Analysis
* Repository and Economic Impacts
* Proliferation Resistance
A.1 Neutronic Analysis
CASMO4 [Edenius, et. al., 19951
CASMO is a multigroup two-dimensional transport theory code for burnup calculations
on BWR and PWR assemblies or simple pin cells. The code handles a geometry consisting of
cylindrical fuel rods of varying composition in a square pitch array with allowance for fuel
rods loaded with gadolinium, burnable absorber rods, cluster control rods, in-core instrument
channels, water gaps, boron steel curtains, and cruciform control rods in the regions
separating fuel assemblies.
Other features of CASMO-4 are the incorporation of the microscopic depletion of
burnable absorbers, such as Gadolinia, into the main calculation, and the introduction of a
heterogeneous model for the two-dimensional calculation. The nuclear data used are
collected in a library containing microscopic cross sections in 70 energy groups. Neutron
energies cover the range 0 to 10 MeV. A library containing data in 40 energy groups is also
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available. Effective resonance cross sections are calculated individually for each fuel pin. A
special resonance treatment extends from 4 eV to 9118 eV. Resonances above 9118 eV are
considered unshielded, while resonances below 4 eV are expected to be sufficiently resolved
by the concentration of energy groups in the thermal reqion.
CASMO can accommodate non-symmetric fuel bundles containing up to 25 by 25 rods
(easily changed at installation time). Most bundles are, however, symmetric, and half,
quadrant or octant symmetry (mirror symmetry) can be utilized in the calculations. A
fundamental mode calculation is performed to account for leakage effects.
The microscopic depletion is calculated in each fuel and burnable absorber pin. In the
depletion calculation a predictor-corrector approach is used which greatly reduces the number
of burnup steps necessary for a given accuracy. This is particularly important when burnable
poison rods are involved.
MCODE2
"MCODE Version 2.2 is a linkage program, which combines the continuous-energy
Monte Carlo code, MCNP-4C, and the one-group depletion code, ORIGEN2, to perform
burnup calculations for nuclear fission reactor systems. MCNP is used as the advanced
physics modeling tool providing the neutron flux solution and detailed reaction rates in the
pre-defined spatial burnup zones. ORIGEN, in turn, carries out multi-nuclide depletion
calculations in each region and updates the corresponding material composition in the MCNP
model. The MCNP/ORIGEN coupling follows the predictor-corrector approach. During a
burnup timestep, end-of-timestep material compositions are first predicted based on the flux
solution at the beginning-of-timestep. Using the predicted end-of-timestep material
compositions, an MCNP run is performed to compute the neutron flux and detailed reaction
rates, which are then used in a corrector burnup step. The final end-of-timestep material
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compositions are obtained as the average value of the results from the predictor and corrector
steps." [Xu, et. al., 2006]
MCNP [Briesmeister, 20001
MCNP is a general purpose Monte Carlo particle transport code developed at Los Alamos
National Laboratory. It can be used to calculate neutron, photon, or electron transport, and
can also be used for criticality calculations. In contrast to deterministic methods, the Monte
Carlo method solves the particle transport problem by following the histories of the individual
particles. The average behavior of simulated particles then determines the average particle
characteristics in the physical system.
The major advantage of this method is that the Monte Carlo approach can solve a particle
transport problem in more complex 3-D geometries than can be handled by deterministic
methods. A major drawback, however, is the relatively high computational requirements
needed for high accuracy in the results.
ORIGEN-ARP
ORIGEN-ARP is a component of the SCALE5 software package developed at the Oak
Ridge National Laboratory. "ORIGEN-ARP is a sequence that serves as a faster alternative to
the SAS2 sequence of the SCALE system to perform point-depletion calculations with the
ORIGEN-S code using problem dependent cross sections. The ARP (Automatic Rapid
Processing) module uses an algorithm that allows the generation of cross-section libraries for
the ORIGEN-S code by interpolation over pre-generated SAS2 cross-section libraries. The
interpolation of cross sections for uranium-based fuels may be performed for the following
variables: bumup, enrichment, and water density. An option is also available to interpolate
cross sections for mixed-oxide (MOX) fuels for the following variables: burnup, plutonium
content, plutonium isotopic vector, and water moderator density. An important development
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in the sequence is the addition of the OrigenArp for Windows graphical user interface.
Written in Visual C++, OrigenArp greatly facilitates the creation of input files for the ARP
and ORIGEN-S codes with toolbars, forms, and online help to assist the user. OrigenArp
interacts directly with the SCALE code system to execute the input files in the required
sequence, and executes a post-processor to extract desired quantities. An interactive plotting
program is also provided for rapid display and analysis of requested data." [Gauld, et. al.,
2005]
A.2 Thermal Hyraulic Analysis
VIPRE-01
VIPRE-01 is a thermal-hydraulics code widely used for thermal-hydraulics analysis of
LWRs. Specifically, the code can be used to calculate various reactor core safety limits such
as the Minimum Departure from Nucleate Boiling Ratio (MDNBR), the Critical Power Ratio
(CPR), and fuel and cladding temperatures under normal operating conditions and postulated
accidents.
"VIPRE-01 predicts the 3-D velocity, pressure, and thermal energy fields and fuel rod
temperatures for single- and two-phase flow in PWR and BWR cores. It solves the finite-
difference equations for mass, energy, and momentum conservation for an interconnected
array of channels assuming incompressible thermally expandable homogeneous flow. The
equations are solved with no time step or channel size restrictions for stability."[Cuta, et. al.,
1985]
Core models in VIPRE are based on sub-channel analysis, and the core or section of
symmetry is defined as an array of parallel flow channels with lateral connections between
adjacent channels. Within the model, channels and fuel pins may be lumped in order to
facilitate ease of input and computational speed.
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A.3 Safety Analysis
RELAP5
The RELAP5-3DC code is a 3-D hydrodynamic code that provides best-estimate transient
simulation of light water reactor coolant systems during postulated accidents. The code
models the coupled behavior of the reactor coolant system and the core for loss-of-coolant
accidents and operational transients such as anticipated transient without scram, loss of offsite
power, loss of feedwater, and loss of flow. A generic modeling approach is used that permits
simulating a variety of thermal hydraulic systems. Control system and secondary system
components are included to permit modeling of plant controls, turbines, condensers, and
secondary feedwater systems. [RELAP5 Development Team, 2003]
The multi-dimensional component in RELAP5-3D© was developed to allow the user to
more accurately model the multi-dimensional flow behavior that can be exhibited in any
component or region of a LWR system. Typically, this will be the lower plenum, core, upper
plenum and downcomer regions of an LWR. However, the model is general, and is not
restricted to use in the reactor vessel. The component defines a one, two, or three-dimensional
array of volumes and the internal junctions connecting them. The geometry can be either
Cartesian (x, y, z) or cylindrical (r, 0, z). An orthogonal, three-dimensional grid is defined by
mesh interval input data in each of the three coordinate directions.
237
238
Appendix B. Multirecycling Results
This appendix provides the results of CASMO4 calculations for several CONFU-B
assemblies. In addition, this data is provided from the literature for MOX-UE, CORAIL-Pu,
and CORAIL-TRU. The tables below give the isotopic vector for the assembly average spent
fuel after the specified cooling time.
B.1 CONFU-B, Base Case Strategy (6-yr cooling), Charge Stage
Table B.1.I - CONFU-B, Base Case, Key Assembly Parameters
Fuel Pellet Radius (cm) 0.4095
Active Fuel Height (cm) 366
IHM mass, U0 2 pin (kg) 1.75
IHM mass, 10 v/o FFF (kg) 0.183
IHM mass, 20 v/o FFF (kg) 0.366
Power Density 104.5 kW/liter
Burnup 1350 EFPD
Energy per assembly (GWde) 7.876
Table B.1.II - CONFU-B, Base Case, TRU loading and Mass flows
1 2 3 4 5 6 7 8 9
# FFF pins 84 84 76 68 68 68 68 68 68
TRU loading (vol %) 10 20 20 20 20 20 20 20 20
UO2 enrichment (wt %) 4.2 4.5 5.0 5.0 5.0 5.0 5.0 5.0 5.0
Pin Arrangement 01 01 02 03 03 03 04 04 04
EFPD 1379 1335 1339 1364 1379 1380 1371 1364 1357
Pin Peaking 1.184 1.200 1.233 1.194 1.193 1.187 1.181 1.172 1.163
TRU Loaded per assembly (kg) 15.39 30.78 27.85 24.92 24.92 24.92 24.92124.92 24.92
TRU at EOL + 6 year cooling (kg) 11.87 26.01 24.29 22.42 22.47 22.56 22.64 22.74 22.83
TRU mass consumed (kg) 3.52 4.77 3.56 2.50 2.45 2.36 2.28 2.18 2.09
% TRU consumed 22.9% 15.5% 12.8% 10.0% 9.8% 9.5% 9.1% 8.7% 8.4%
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Table B.1.III - CONFU-B, Base Case, TRU Vector, charge stage, by cycle
Np
Pu
Am
Cm
Bk
Cf
Cycle
Isotope
number
92234
92235
92236
92237
92238
92239
93236
93237
93238
93239
94238
94239
94240
94241
94242
94243
95241
95242
95243
95244
95942
96242
96243
96244
96245
96246
96247
96248
96249
97249
97250
98249
98250
98251
98252
1st
Weight
%
0.0001
0.0024
0.0020
0.3264
6.6770
2.7639
48.9159
23.1047
6.9636
5.0603
4.6793
1.4800
0.0191
0.0000
0.0001
0.0050
0.0004
0.0001
5th
Weight
2nd
Weight
0.0009
0.0206
0.0148
0.0000
2.4562
0.0000
0.0001
5.3368
0.0000
0.0017
8.5926
22.9491
26.0393
11.1897
12.1688
0.0000
5.2543
0.0000
3.0543
0.0000
0.0290
0.0005
0.0367
2.3244
0.4280
0.0987
0.0030
0.0004
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
6th
Weight
3rd
Weight
0.0010
0.0124
0.0071
0.0000
1.1178
0.0000
0.0002
4.1906
0.0000
0.0020
11.5744
17.4050
25.6332
9.7098
15.9995
0.0000
6.0845
0.0000
3.6308
0.0000
0.0741
0.0005
0.0388
3.2223
1.0192
0.2598
0.0144
0.0023
0.0000
0.0000
0.0000
0.0001
0.0000
0.0000
0.0000
4th
Weight
0.0012
0.0186
0.0085
0.0000
1.2433
0.0000
0.0003
3.4171
0.0000
0.0023
12.9157
16.0094
22.8120
8.7267
19.5664
0.0000
5.2891
0.0000
4.0687
0.0000
0.0552
0.0005
0.0425
3.9893
1.2433
0.5444
0.0366
0.0086
0.0000
0.0000
0.0000
0.0004
0.0001
0.0001
0.0000
8th
Weight
0.0012
0.0205
0.0097
0.0000
1.4040
0.0000
0.0004
3.0174
0.0000
0.0024
12.6083
16.2630
20.4368
7.9688
22.4403
0.0000
4.5312
0.0000
4.3827
0.0000
0.0414
0.0004
0.0377
4.5223
1.3430
0.8770
0.0679
0.0218
0.0000
0.0000
0.0000
0.0011
0.0002
0.0003
0.0001
9th
Weight
0.0011
0.0204
0.0097
0.0000
1.4014
0.0000
0.0005
2.7825
0.0000
0.0026
11.8122
15.9268
18.9884
7.4532
24.9743
0.0000
4.0806
0.0000
4.6853
0.0000
0.0345
0.0004
0.0331
4.9612
1.4360
1.2422
0.1064
0.0439
0.0000
0.0000
0.0000
0.0022
0.0005
0.0005
0.0002
242
7th
Weight
0.0011
0.0201
0.0096
0.0000
1.3954
0.0000
0.0006
2.6338
0.0000
0.0028
10.8737
15.4055
17.9372
7.0472
27.2023
0.0000
3.7559
0.0000
4.9615
0.0000
0.0298
0.0003
0.0301
5.3301
1.5003
1.6317
0.1494
0.0757
0.0000
0.0000
0.0000
0.0039
0.0009
0.0010
0.0003
10th
Weight
0.0010
0.0200
0.0096
0.0000
1.3905
0.0000
0.0007
2.5290
0.0000
0.0029
9.9394
14.8898
17.0429
6.6956
29.1776
0.0000
3.4802
0.0000
5.2029
0.0000
0.0259
0.0003
0.0279
5.6650
1.5379
2.0395
0.1945
0.1175
0.0000
0.0000
0.0000
0.0060
0.0014
0.0015
0.0005
0.0009
0.0197
0.0096
0.0000
1.3843
0.0000
0.0008
2.4527
0.0000
0.0030
9.0794
14.3888
16.2952
6.3898
30.8722
0.0000
3.2560
0.0000
5.4144
0.0000
0.0230
0.0003
0.0260
5.9443
1.5633
2.4539
0.2406
0.1684
0.0000
0.0000
0.0000
0.0086
0.0020
0.0021
0.0008
0.0009
0.0194
0.0096
0.0000
1.3785
0.0000
0.0009
2.3934
0.0000
0.0031
8.3238
13.9408
15.6477
6.1226
32.2966
0.0000
3.0664
0.0000
5.5952
0.0000
0.0206
0.0003
0.0245
6.1798
1.5762
2.8678
0.2864
0.2274
0.0000
0.0001
0.0000
0.0115
0.0028
0.0029
0.0012
B.2 CONFU-B, Extended Cooling Strategy (16.5-yr cooling)
Table B.2.I - CONFU-B, Extended Cooling Key Assembly Parameters
Fuel Pellet Radius (cm) 0.4095
Active Fuel Height (cm) 366
IHM mass, U0 2 pin (kg) 1.75
IHM mass, 10 v/o FFF (kg) 0.183
IHM mass, 20 v/o FFF (kg) 0.366
Power Density 104.5 kW/liter
Burnup 1350 EFPD
Energy per assembly (GWde) 7.876
Table B.2.II - CONFU-B, Extended Cooling, TRU loading and Mass flows
1 2 3 4 5 6 7 8 9
# FFF pins 84 60 56 52 48 48 48 48 48
TRU loading (vol %) 10 20 20 20 20 20 20 20 20
UO2 enrichment (wt %) 4.2 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0
Pin Arrangement 01 05 06 07 08 08 08 08 08
EFPD 1379 1340 1313 1338 1370 1386 1387 1385 1385
Pin Peaking 1.183 1.187 1.181 1.190 1.176 1.189 1.189 1.186 1.184
TRU Loaded per assembly (kg) 15.39 21.99 20.52 19.05 17.58 17.58 17.58 17.58 17.58
TRU at EOL + 16.5 year cooling 11.74 19.71 19.16 18.24 17.17 17.14 17.19 17.22 17.25
(kg)
TRU mass consumed (kg) 3.65 2.28 1.36 0.81 0.41 0.44 0.39 0.36 0.33
% TRU consumed 23.7% 10.4% 6.6% 4.3% 2.3% 2.5% 2.2% 2.0% 1.9%
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Table B.2.III - CONFU-B, Extended Cooling, TRU Vector, charge stage, by cycle
U
Np
Pu
Am
Cm
Bk
Cf
Cycle
Isotope
number
92234
92235
92236
92237
92238
92239
93236
93237
93238
93239
94238
94239
94240
94241
94242
94243
95241
95242
95243
95244
95942
96242
96243
96244
96245
96246
96247
96248
96249
97249
97250
98249
98250
98251
98252
1st
Weight
0.0001
0.0024
0.0020
0.3264
6.6770
2.7639
48.9159
23.1047
6.9636
5.0603
4.6793
1.4800
0.0191
0.0000
0.0001
0.0050
0.0004
0.0001
2nd
Weight
0.0016
0.0209
0.0150
0.0000
2.4829
0.0000
0.0001
5.5203
0.0000
0.0047
7.9404
23.1990
26.7723
6.8244
12.2972
0.0000
9.6707
0.0000
3.0851
0.0000
0.0278
0.0002
0.0291
1.5729
0.4325
0.0996
0.0031
0.0004
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.00
3rd
Weight
0.0020
0.0246
0.0115
0.0000
1.6634
0.0000
0.0002
4.5676
0.0000
0.0053
10.9731
20.1795
25.4613
5.4929
15.4159
0.0000
9.6654
0.0000
3.5027
0.0000
0.0675
0.0003
0.0433
1.9096
0.7520
0.2458
0.0135
0.0024
0.0000
0.0000
0.0000
0.0001
0.0000
0.0000
0.0000
4th
Weight
0.0022
0.0246
0.0121
0.0000
1.7435
0.0000
0.0003
4.0040
0.0000
0.0058
11.9307
19.6125
23.7471
5.0906
17.5935
0.0000
8.8966
0.0000
3.7953
0.0000
0.0610
0.0003
0.0430
2.1003
0.8678
0.4302
0.0304
0.0077
0.0000
0.0000
0.0000
0.0004
0.0000
0.0001
0.0000
5th
Weight
0.0022
0.0263
0.0130
0.0000
1.8671
0.0000
0.0004
3.7232
0.0000
0.0061
11.6968
19.9952
22.4120
4.8983
19.2073
0.0000
8.2736
0.0000
3.9664
0.0000
0.0514
0.0003
0.0393
2.2347
0.9004
0.6175
0.0504
0.0172
0.0000
0.0000
0.0000
0.0009
0.0001
0.0002
0.0000
6th
Weight
%
0.0021
0.0289
0.0140
0.0000
2.0210
0.0000
0.0004
3.6096
0.0000
0.0062
10.9367
20.6889
21.4343
4.7996
20.4354
0.0000
7.7763
0.0000
4.0523
0.0000
0.0413
0.0002
0.0362
2.3401
0.8797
0.7944
0.0696
0.0308
0.0000
0.0000
0.0000
0.0015
0.0002
0.0004
0.0000
7th
Weight
0.0020
0.0290
0.0140
0.0000
2.0227
0.0000
0.0005
3.5472
0.0000
0.0064
10.3214
20.6083
21.0359
4.7203
21.4844
0.0000
7.5666
0.0000
4.1615
0.0000
0.0387
0.0002
0.0342
2.4134
0.8946
0.9592
0.0890
0.0474
0.0000
0.0000
0.0000
0.0024
0.0003
0.0006
0.0000
8th
Weight
0.0019
0.0288
0.0140
0.0000
2.0190
0.0000
0.0005
3.5032
0.0000
0.0065
9.8646
20.3704
20.7444
4.6548
22.3627
0.0000
7.4167
0.0000
4.2660
0.0000
0.0370
0.0002
0.0332
2.4754
0.9080
1.1139
0.1077
0.0663
0.0000
0.0000
0.0000
0.0034
0.0005
0.0008
0.0000
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9th
Weight
0.0019
0.0287
0.0139
0.0000
2.0150
0.0000
0.0006
3.4685
0.0000
0.0067
9.5201
20.1369
20.4822
4.5960
23.0918
0.0000
7.2872
0.0000
4.3568
0.0000
0.0357
0.0002
0.0326
2.5299
0.9190
1.2581
0.1253
0.0868
0.0000
0.0000
0.0000
0.0044
0.0006
0.0011
0.0000
10th
Weight
0.0018
0.0286
0.0139
0.0000
2.0115
0.0000
0.0007
3.4400
0.0000
0.0068
9.2512
19.9375
20.2463
4.5437
23.6913
0.0000
7.1735
0.0000
4.4324
0.0000
0.0345
0.0002
0.0321
2.5767
0.9280
1.3918
0.1416
0.1081
0.0000
0.0000
0.0000
0.0056
0.0008
0.0014
0.0000
L 0.0004
B.3 CONFU-B, Remix Strategy (6-yr cooling for Pu/Np, 16.5-yr cooling for
Am/Cm)
Table B.3.I - CONFU-B, Remix Key Assembly Parameters
Fuel Pellet Radius (cm) 0.4095
Active Fuel Height (cm) 366
IHM mass, U0 2 pin (kg) 1.75
IHM mass, 10 v/o FFF (kg) 0.183
IHM mass, 20 v/o FFF (kg) 0.366
Power Density 104.5 kW/liter
Burnup 1350 EFPD
Energy per assembly (GWde) 7.876
Table B.3.II - CONFU-B, Remix, TRU loading and Mass flows
1 2 3 4 5 6 7 8 9
# FFF pins 84 84 84 68 60 60 60 60 60
TRU loading (vol %) 10 13 20 20 20 20 20 20 20
UO2 enrichment (wt %) 4.2 4.5 5.0 5.0 5.0 5.0 5.0 5.0 5.0
Pin Arrangement 01 01 01 03 05 05 05 05 05
EFPD 1379 1352 1359 1336 1307 1334 1350 1346 1348
Pin Peaking 1.184 1.149 1.189 1.194 1.149 1.165 1.167 1.164 1.160
TRU Loaded per assembly (kg) 15.39 20.01 30.78 24.92 21.99 21.99 21.99 21.99 21.99
TRU at EOL + 6 year cooling (kg) 11.87 16.33 26.81 22.66 20.71 20.69 20.74 20.79 20.84
TRU mass consumed (kg) 3.52 3.68 3.97 2.26 1.28 1.30 1.25 1.20 1.15
% TRU consumed 22.9% 18.4% 12.9% 9.1% 5.8% 5.9% 5.7% 5.5% 5.2%
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Table B.3.III - CONFU-B, Remix, TRU Vector, charge stage, by cycle
U
Np
Pu
Am
Cm
Bk
Cf
Cycle
Isotope
number
92234
92235
92236
92237
92238
92239
93236
93237
93238
93239
94238
94239
94240
94241
94242
94243
95241
95242
95243
95244
95942
96242
96243
96244
96245
96246
96247
96248
96249
97249
97250
98249
98250
98251
98252
Ist
Weight
0.0001
0.0024
0.0020
0.3264
6.6770
2.7639
48.9159
23.1047
6.9636
5.0603
4.6793
1.4800
0.0191
0.0000
0.0001
0.0050
0.0004
0.0001
2nd
Weight
0.0010
0.0232
0.0166
0.0000
2.7651
0.0000
0.0001
6.0081
0.0000
0.0019
9.6735
25.8358
29.3146
12.5972
13.6995
0.0000
0.0296
0.0000
0.0172
0.0000
0.0002
0.0000
0.0002
0.0131
0.0024
0.0006
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
3rd
Weight
%
0.0011
0.0181
0.0116
0.0000
1.8098
0.0000
0.0002
4.6823
0.0000
0.0039
10.7446
18.2432
25.4086
10.7692
20.6450
0.0000
3.8207
0.0000
2.2587
0.0000
0.0203
0.0001
0.0213
1.1507
0.3155
0.0726
0.0022
0.0003
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
6th
Weight
4th
Weight
0.0011
0.0155
0.0081
0.0000
1.1578
0.0000
0.0004
3.9619
0.0000
0.0042
12.8164
16.2018
24.6830
9.5210
25.7557
0.0000
2.9284
0.0000
2.0587
0.0000
0.0122
0.0000
0.0062
0.6890
0.1594
0.0188
0.0004
0.0000
0.0000
0.0000
0.0000
0.0001
0.0000
0.0000
0.0000
5th
Weight
0.0011
0.0196
0.0093
0.0000
1.3461
0.0000
0.0005
3.0957
0.0000
0.0021
11.3081
15.2397
19.5645
7.7914
27.5277
0.0000
5.8079
0.0000
4.3069
0.0000
0.0602
0.0005
0.0330
2.8765
0.7903
0.2055
0.0116
0.0019
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0011
0.0231
0.0112
0.0000
1.6213
0.0000
0.0005
3.0632
0.0000
0.0028
11.1305
16.8103
18.9317
7.3326
29.6366
0.0000
4.4456
0.0000
4.3904
0.0000
0.0303
0.0001
0.0195
1.8430
0.5814
0.1190
0.0047
0.0007
0.0000
0.0000
0.0000
0.0003
0.0001
0.0001
0.0000
7th
Weight
0.0010
0.0226
0.0110
0.0000
1.5872
0.0000
0.0006
2.9108
0.0000
0.0028
10.2052
16.4693
18.2764
6.9631
30.7657
0.0000
3.9396
0.0000
4.8639
0.0000
0.0320
0.0001
0.0283
2.5561
0.9076
0.4228
0.0266
0.0071
0.0000
0.0000
0.0000
0.0002
0.0000
0.0000
0.0000
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8th
Weight
0.0010
0.0228
0.0111
0.0000
1.6064
0.0000
0.0007
2.8572
0.0000
0.0078
9.4645
16.3059
18.1500
6.8494
32.1173
0.0000
3.6534
0.0000
5.0575
0.0000
0.0265
0.0001
0.0231
2.6166
0.8836
0.3231
0.0170
0.0038
0.0000
0.0000
0.0000
0.0008
0.0002
0.0002
0.0001
9th
Weight
0.0009
0.0224
0.0110
0.0000
1.5867
0.0000
0.0008
2.7867
0.0000
0.0081
8.7499
15.8643
17.9057
6.6790
32.9785
0.0000
3.4148
0.0000
5.2613
0.0000
0.0233
0.0001
0.0216
2.9203
1.0249
0.6730
0.0485
0.0172
0.0000
0.0000
0.0000
0.0005
0.0001
0.0001
0.0000
10th
Weight
0.0009
0.0224
0.0110
0.0000
1.5928
0.0000
0.0009
2.7548
0.0000
0.0084
8.2075
15.6382
17.7679
6.5833
33.8873
0.0000
3.3272
0.0000
5.4549
0.0000
0.0217
0.0001
0.0202
3.0206
1.0399
0.5876
0.0381
0.0117
0.0000
0.0000
0.0000
0.0016
0.0004
0.0004
0.0001
B.4 MOX-UE (5-yr cooling, 2-yr fabrication)
Table B.4.I - MOX-UE, Key Assembly Parameters [Youinou, et. al., 2003]
Fuel Pellet Radius (cm) 0.4095
Active Fuel Height (cm) 427
IHM mass, 264 MOX pins (kg) 515
Power Density 104.5 kW/liter
Bumup (EFPD) 1515
Energy per assembly (GWde)a 8.839
a Calculated from burnup and power density
Table B.4.II - MOX-UE, TRU loading, and Mass flows
1 2 3 4 5 6 7
Pu fiss % 64 55 50 47 45 44 44
Pu % 9.3 12 12 12 12 12 12
U-235 % 0.025 0.5 1.8 2.3 2.7 2.9 3.0
APu (kg/TWhe) -70 -78 -72 -70 -68 -67 -67
AMA (kg/TWhe)a +13 +19 +20 +20 +21 +21 +21
a Am+Cm
B.5 CORAIL-Pu (5-yr cooling, 2-yr fabrication)
Table B.5.I - CORAIL-Pu, Key Assembly Parameters [Kim, 2002b]
Fuel Pellet Radius (cm) 0.4095
Active Fuel Height (cm) 427
IHM mass, 180 UO2 pins (kg) 365
IHM mass, 84 MOX pins (kg) 170
Power Densitya 103.4 kW/liter
Burnup (MWd/kg) 45
Energy per assembly (GWde)b 7.945
a Calculated from 1300 MWe (Therm Eff 33%), 193 assemblies, 197.38 liters/assembly
[Youinou, et. al., 2005]
b Calculated from burnup and IHM mass per assembly
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Table B.5.II - CORAIL-Pu, TRU vector at charge stage, TRU loading, and Mass flows
[Kim, 2002b]
Cycle 1 2 3 4 5 6 7 Equila
U enrichment, % 4.15 4.33 4.42 4.43 4.49 4.54 4.57 4.62
Pu-Content, % 6.50 7.30 7.80 8.00 8.00 8.00 8.00 8.45
Micro, hot-channel 1.175 1.155 1.153 1.161 1.164 1.165 1.168
Pu-238 2.7 3.06 3.57 3.85 3.85 3.96 3.95 3.55
Initial Pu-239 56.0 42.84 39.22 37.58 37.59 36.23 36.70 34.20
Plutonium Pu-240 25.9 30.03 29.64 28.82 28.81 27.38 28.03 23.33
Vector Pu-241 7.4 11.81 11.85 11.49 11.49 10.93 11.17 10.48
Am-241 0.7 1.2 1.2 1.16 1.16 1.11 1.13 1.04
Fissile % 63.4 54.7 51.5 49.7 48.5 46.8 47.6 44.7
Charge 11.0 12.3 13.1 13.1 13.4 13.4 13.4 14.7
Pu Discharge 12.0 13.2 13.9 13.9 14.3 14.3 14.3 15.2
Net 1.0 0.9 0.8 0.5 0.9 0.9 0.9 0.5
Charge 0.1 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Mass MA Discharge 0.9 1.1 1.2 1.2 1.3 1.3 1.3 1.5
(kg/assembly) Net 0.8 0.9 1.0 1.0 1.1 1.1 1.1 1.3
Charge 11.1 12.5 13.3 13.3 13.6 13.6 13.6 14.9
TRU Discharge 12.9 14.3 15.1 15.1 15.6 15.6 15.6 16.7
Net 1.8 1.8 1.8 1.8 2.0 2.0 2.0 1.8
a [Taiwo, et. al., 2004]
B.6 CORAIL-TRU (5-yr cooling, 2-yr fabrication)
Table B.6.I - Key Assembly Parameters [Taiwo, et. al., 2004]
Fuel Pellet Radius (cm) 0.4095
Active Fuel Height (cm) 427
IHM mass, 180 U0 2 pins (kg) 365
IHM mass, 84 MOX pins (kg) 170
Power Densitya 103.4 kW/liter
Burnup (MWd/kg) 45
Energy per assembly (GWde)b 7.945
a Calculated from 1300 MWe (Therm Eff 33%), 193 assemblies, 197.38 liters/assembly
[Youinou, et. al., 2005]
b Calculated from burnup and IHM mass per assembly
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Table B.6.II - TRU vector at charge stage, TRU loading, and Mass flows [Taiwo, et. al.,
2004]
Cycle 1 2 3 4 5 6 7 Equil
U enrichment, % 4.72 4.85 4.98 5.02 5.03 5.04 5.04 5.12
TRU-Content, % 6.57 7.48 8.39 9.37 10.31 11.16 11.93 20.2
Fissile % 55.78 49.37 45.23 42.72 41.20 40.13 39.31 32.83
U-234
U-235
U-236
U-238
Np-237 6.66 1.76 3.00 3.17 3.13 3.04 2.93 1.82
Np-239 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pu-238 2.76 2.81 5.34 6.99 8.0 8.64 9.08 10.20
Pu-239 48.8 38.40 34.17 32.27 31.05 30.16 29.47 24.40
Pu-240 23.1 26.89 24.37 23.05 22.48 22.24 22.16 21.67
Pu-241 6.95 10.80 9.84 9.14 8.72 8.44 8.24 7.13Initial Pu-242 5.05 10.19 11.50 12.42 12.95 13.30 13.55 16.93TRU
Am-241 4.67 5.27 5.63 5.54 5.49 5.49 5.52 5.91Vector
Am-242m 0.02 0.02 0.03 0.04 0.04 0.04 0.05 0.07
Am-243 1.48 2.41 3.28 3.58 3.72 3.81 3.86 4.59
Cm-242 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cm-243 0.01 0.01 0.03 0.03 0.03 0.03 0.03 0.03
Cm-244 0.50 1.06 2.22 2.84 3.18 3.36 3.46 3.90
Cm-245 0.04 0.14 0.43 0.63 0.76 0.85 0.90 1.14
Cm-246 0.07 0.18 0.30 0.42 0.54 1.74
Cm-247 0.01 0.02 0.02 0.03 0.15
Cm-248 0.01 0.01 0.02 0.29
Bk-249 0.00
Cf-249 0.02
Cf-250
Cf-251
Cf-252
Charge 10.0 11.7 12.9 14.2 15.5 16.6 17.7 28.7
Pu Discharge 11.7 13.4 14.7 15.9 17.1 18.1 19.1 29.3
Net 1.7 1.7 1.7 1.7 1.6 1.5 1.4 0.6
Charge 1.1 1.4 2.2 2.7 3.1 3.4 3.7 7.0
Mass MA Discharge 1.4 1.8 2.3 2.7 3.1 3.4 3.7 6.7
(kg/assembly) Net 0.3 0.4 0.2 0.1 0.0 0.0 0.0 -0.3
Charge 11.1 13.1 15.1 16.9 18.6 20.0 21.4 35.7
TRU Discharge 13.1 15.1 17.0 18.7 20.2 21.5 22.8 36.0
Net 2.0 2.1 1.9 1.8 1.6 1.5 1.4 0.3
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